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Abstract 
The dynamics of vegetated dune stabilization were investigated at two field stations of the 
Institute of Desert Research, Academia Sinica, during the summers of 1993 and 1994. The 
majority of research was conducted at Shapotou Research Station, where an area of dunes, 
representing a 37 year stabilization chronosequence, allowed the progress of vegetated 
dune stabilization to be investigated. Investigations were made into dune vegetation 
dynamics, aeolian deposition, microphytic crust formation and function, dune surface 
micromorphology and hydrology. 
Following stabilization by a combination of straw checkerboards and planted shrubs at 
Shapotou, aeolian deposits formed a finer textured 'grey sand' layer at the dune surface, 
which thickened at 1.3 - 1.9 mm y-1. Dust gauging and measurement of aeolian enrichment 
of the stabilized dune surface revealed a complex pattern of deposition, which varied with 
shrub cover, topography and distance from the margin of the stabilized dunes. An extensive 
microphytic crust, comprised of cyanobacteria and bryophytes, formed over the surface of 
the stabilized dunes. The microphytic crusts proved effective stabilizers, protecting 
deposited dust and promoting the development of the 'grey sand' layer. The accumulation of 
'grey sand' and development of the associated microphytic crust appeared to be controlling 
features of the dune stabilization process at Shapotou. 
Dune hydrology altered significantly upon stabilization. Dune moisture is transpired by 
planted shrubs and subsequent recharge is restricted by the moisture retentive 'grey sand' 
and microphytic crust. This leads to a progressive desiccation of deeper dune sand and an 
increase in available moisture at the dune surface. Evaporative losses were increased by 
the development of the 'grey sand' and microphytic crust, which also significantly decreased 
infiltration rates. The nocturnal distillation and condensation at the dune surface of sub- 
surface moisture became increasingly significant as dune stabilization progressed. 
Vegetation responded to these changes in surface stability and hydrology. Shrub cover 
declined with the desiccation of deeper dune sand, whilst the cover afforded by the 
microphytic crust and annual species increased in response to the increasing availability of 
near-surface moisture. Initially straw checkerboards and planted shrubs ensure surface 
stabilization, but as dune stabilization progresses, the surface stability afforded by the 
microphytic crust becomes of increasing importance. 
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Mobile sand dunes and wind-blown sand cause considerable damage to farmland, railways 
and communication systems in northern China (Walls 1982). Little research into dune 
control has been conducted in deserts regions, compared with coastal and temperate 
environments, where dune stabilization techniques have been tried and tested (Watson 
1990). However, increasing economic activity in these and regions highlights the need for 
effective measures of desert dune control (Watson 1985). 
Dune stabilization in the People's Republic of China is frequently achieved through tree and 
shrub planting, rather than mechanical means (Liu and Huang 1990). Whilst some have 
viewed dune stabilization by vegetation as having an unlimited life-span, due to the 
renewing nature of the vegetation (Tsoar and Zohary 1985), others have questioned the 
long-term viability of desert dune stabilization by vegetation (Watson 1990). Few long term 
studies of vegetated dune stabilization have been Gonclucted in and environments (Watson 
1990). 
This research aims to examine the environmental dynamics of dune stabilization at 
Shapotou and Yanchi and thereby elucidate the nature of the processes of dune stabilization 
by vegetation. The periodic stabilization of the dunes since 1956 at Shapotou, forms a 
stabilization chronosequence, allowing these dynamics to be examined in detail. This allows 
the effectiveness of vegetated dune stabilization over time to be assessed, and the key 
components, which comprise the dune stabilization process, to be evaluated. An integrated 
approach to the research was taken, by which interactions between both the physical and 
biological components of dune stabilization could be documented. Specific objectives of the 
research programme were: 
1) To determine both spatially and temporally the aeolian additions into the stabilized dune 
environment, assessing the role of aeolian additions in the dune stabilization process. 
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2) To record pedological development at the surface of the stabilized dunes, and to 
determine the significance of pedoiogical change on the dune stabifization process. 
3) To document changes in both vascular and microphytic vegetation composition across 
the dune stabilization chronosequence, and build up an understanding of the processes and 
conditions which give rise to these changes. 
4) To examine in what ways desert dune hydrology is altered upon stabilization and what 





The following chapter reviews the literature pertaining to processes involved in the 
stabilization of desert dunes by vegetation. Rather than principally detailing dune 
stabilization techniques, an attempt is made to review the environmental conditions and 
interactions which dictate vegetated dune stabilization. This requires an inter-d isci pl i nary 
approach, which is reflected in the range of disciplines drawn upon, which include: ecology, 
geomorphology, soil science, hydrology and microbiology. A number of review papers have 
proved invaluable. These include reviews of dune stabilization techniques (Watson 1985, 
1990), and a number concerning the formation and function of microphytic crusts (Shields 
and Durrell 1964; Harper and Marble 1988; Campbell et al. 1989; Isichei 1990; West 1990; 
Eldridge and Greene 1994). Much information regarding desert dust, was obtained from 
reviews (Goudie 1983; Pye 1984), books (Pye 1987) and special papers (P6w6 1981). 
Reviews by Ayyad (1981) and Danin (1991), concerning dune vegetation dynamics, proved 
valuable. 
A number of studies of particular relevance to the environmental dynamics of dune 
stabilization deserve special mention. These include studies from Israel, which examined 
dune stabilization (Tsoar and Moller 1986), aeolian depýosition (Goosens and Offer 1990; 
Offer and Goosens 1990; Offer et ai. 1992; Liffmann 1997), dune soil formation (Dan and 
Yaalon 1964,1971; Danin and Yaalon 1982) microphytic crust formation and function 
(Danin et al. 1989; Yair 1990; Danin and Ganor 1991; Verrechia et al. 1995) and dune 
vegetation (Danin 1978,1991). Two Dutch studies (van den Ancker and Jungerius 1985; 
Jungerius and van der Muellen 1988), although conducted on temperate coastal dunes, 
proved very informative. 
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In recent years, research in the field of desert dune stabilization by Chinese scientists has 
been increasingly appreciated by the scientific community outside China. In 1982, a report 
detailing the nature of China's effort to combat desertification was sponsored by the Chinese 
Academy of Science and the United Nations Environmental Programme (Walls 1982). Since 
then, much research relevant to dune stabilization has been published, most notably in the 
Chinese Journal of Desert Research (Chinese with English abstracts). The publication, since 
1988, of the Chinese Journal of Arid Land Research (English) has facilitated the 
dissemination of this research. This literature has been widely drawn upon for the purpose of 
this review, along with detailed reports of research conducted at Shapotou Desert 
Experimental Research Station (Shapotou Research Station 1988,1991,1993). 
1.2 DESERT DUNE STABILIZATION 
In desert regions, mobile dunes present a considerable threat to a diverse range of human 
activities (Watson 1985). Whilst many of the problems associated with mobile dunes in 
coastal temperate environments have been dealt with, comparatively little work has been 
undertaken in and zones (Watson 1985). In deserts, aridity restricts the potential vegetative 
cover (Watson 1990) and the scale of the problems precludes long-term solutions. Often the 
sand supply is effectively inexhaustible, since source areas are either too large or distant to 
be stabilized (Watson 1990). The need for more effective measures to control mobile desert 
dunes has become more pressing in recent years, owing to economic growth in many and 
areas, including China (Zhao 1989), and a greater awareness of the human and 
environmental impacts of desertification (Goudie 1990; Kassas 1995). 
1.2.1 Methods of dune stabilization 
Whilst many techniques for stabilizing desert dunes are well established, their 
implementation often proves difficult (Watson 1990). Essentially mobile dunes can be 
tackled by their removal, dissipation or stabilization (Kerr and Nigra 1952; Watson 1985). 
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Dune stabilization can be achieved by several means, but for the purpose of this review, 
only the use of fences and vegetation for dune stabilization will be considered. 
1.2.1.1 Dune stabilization with fences 
Sand fences provide the most effective form of dune stabilization in areas requiring 
protection from encroaching dunes (Watson 1985). By reducing the sediment load, the 
erosive effect of saltating sand grains is reduced (Watson 1990). Whilst a variety of 
materials are used in the construction of sand fences (Kerr and Nigra 1952), all operate by 
reducing wind velocity in front of and behind the fence (Watson 1985). The fences are 
generally placed perpendicular to the dominant direction of sand flow (Watson 1990) and 
their effectiveness is dependent upon fence spacing (Kerr and Nigra 1952), height and the 
degree and geometry of fence porosity (Manohar and Bruun 1970). A common form of 
fencing is the vertical slat type with a porosity of 50% (Watson 1990). 
The trapping efficiency of the sand fences declines with increasing wind speeds (Manohar 
and Bruun 1970). Over a wide range of wind speeds, Savage and Woodhouse (1968) 
considered 40% as an optimum porosity for trapping sand. Sand accumulates on the 
leeward side of porous fences, in a zone about four times the fence height (Manohar and 
Bruun 1970), eventually forming a dune in the lee of the fence (Kerr and Nigra 1952). This 
necessitates periodic re-fencing, to prevent encroachment on downwind installations 
(Watson 1985). The 'effective life' of a sand fence varies according to the square of its 
height (Kerr and Nigra 1952). Thus a2 rn fence will have an 'effective life'that is four times 
that of a1m fence. 
1.2.1.2 Dune stabifization with vegetation 
Whilst dune movement may be arrested using sand fences, successful long-term 
stabilization often requires a combination of methods (Watson 1985). In order to remain 
effective, fences require regular maintenance and replacement. Vegetated dune 
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stabilization techniques have been successfully employed in a number of temperate 
environments (Watson 1985). Due to its self-renewing nature and its ability to form a ground 
cover on mobile sand, vegetation can be an effective stabilizing agent (Watson 1985,1990). 
However, a number of studies in desert dune environments have exposed potential 
limitations and drawbacks. These include poor establishment (Zollner 1986), sand burial 
(Hidore and Albokhair 1982), vulnerability to grazing (Liu 1987) and difficulty in the selection 
of appropriate plant species (Watson 1990). 
The selection of appropriate plant species for dune stabilization is vital. Plants must be able 
to withstand dune surface fluctuations, severe drought, salinity and grazing pressure 
(Watson 1990). Once stabilized, desert dunes often prove productive environments for plant 
establishment and growth. This is due to low evaporation and often considerable reserves of 
readily available moisture stored within the dunes (Noy-Meir 1973; Tsoar and Moller 1986). 
Zollner (1986), working in Somalia, showed that planted vegetation (Commiphora sp. ) cover 
inGreased from 5-29% within 18 months. However, strong winds, intense heat and a rapidly 
drying surface may limit subsequent establishment and requires the selection of well tested 
species (Zollner 1986). As well as a proven ability to survive and grow on the dunes, the 
form of the selected species is important. In order to effectively reduce wind velocities, 
species selected are generally bushy in form (Watson 1990). Emphasis should also be 
placed upon the species' natural geographic distribution, their biological and ecological 
characteristics and physiological indices (Walls 1982). Liu (1989) discussed six aspects 
which should be considered when selecting plant species for dune stabilization: 
precipitation, temperature, dune position, growth form, plant succession and root system. 
The technique used by the Institute of Desert Research, Academia Sinica, is to plant 
species which imitate the natural vegetation succession on the dunes. Rapidly growing 
species are first planted, combining deep and shallow rooting species in order to achieve the 
densest cover (Walls 1982). 
As well as detailed botaniGal understanding, a knowledge of dune geornorphology is vital 
before planting. For example, the crest and upper slopes are more hostile environments due 
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to high wind velocities and continually eroding sand. This is clearly shown in the protection 
of a railway in the Horqin Sandy Land, China, where species were chosen for the particular 
conditions prevalent at each dune position (Zhu et a/. 1988). Caragana microphylla is used 
as a 'hat' on dune crests and upper slopes, Lespedeza dahurica as an 'apron' on windward 
slopes, Populus sp. as 'boots' in inter-dune depressions and at the foot of the dunes and 
Safix flavida as a 'shawl' on leeward slopes. Kerr and Nigra (1952), considered that, as the 
windward slope of the dunes was the chief source of mobile sand, dune migration Gould be 
arrested immediately if the entire windward slope was stabilized. 
1.2.2 Long term viability of vegetated dune stabilization 
At present, few long-term studies of non-irrigated vegetated sand control have been 
conducted (Watson 1990). Establishment of the stabilizing vegetation can be problematic. A 
Saudi Arabian sand control project, initiated in 1981, revealed that the main reason for the 
death of planted cuttings of Tamarix aphyfla was sand accumulation during the first year 
(Watson 1985). Only 3.3% of cuttings survived the first 18 months after planting on sand 
dunes (Watson 1985). Even if the trees or shrubs establish, additional measures may be 
required to exclude grazing animals (Liu 1987; Zollner 1986). 
Tsoar and Zohary (1985) considered that dune stabilization by vegetation had an unlimited 
life span. More specifically, Whitfield and Brown (1948) considered vegetative dune fixation 
permanent in areas where sufficient moisture was present. However, once established, a 
reduction in the moisture content of the stabilized dune sand may lead to the deterioration of 
the vegetation. Research from Rajasthan, India, showed that stabilized dunes contained 
<1 % moisture compared to 2-5% moisture in adjacent mobile dunes (Gupta 1979). 
Although planted vegetation can, in certain circumstances, be used to stabilize desert 
dunes, inexhaustible sand flow will, in all probability, preclude any long-term stabilization 
(Watson 1990). The longevity of any particular vegetated dune stabilization is, ultimately, a 
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function of the rate of dune intrusion into the stabilized area and the width of the stabilized 
area itself (Watson 1990). 
1.2.3 Desertification and its control in China. 
Deserts form a large portion of the north and west of the People's Republic of China. An 
estimated 1.53 million kM2 or 15.9% of China's total land area is either desert or clesertified. 
The process of desertification adds a further 2100 kM2 Y-1 (Edmonds 1994). Desertification is 
not a new process in China, with written evidence of desertification in the Mu-Us Sandy 
Land stretching back over 1000 years (Chao and Xing 1982). In the early part of this 
century, both human mismanagement and an increasingly drier climate were proposed as 
reasons for advancing desert-like conditions in northern China (de Carle Sowerby 1924). 
The area of China's desertified land increased from 137,000 to 176,000 kM2 between 1963 
and 1988 (Zhu et aL 1988). 
In 1955, shortly after the founding of the People's Republic, the Chinese Government 
embarked upon a series of integrated campaigns to combat desertification (Zhang and Zhao 
1989). These campaigns, most notably the 'Great Green Wall' (initiated in 1978), were 
pursued as a determined war against the advancing desert (Walls 1982). The 'Great Green 
Wall' is an ambitious tree planting project, 5000 km in length, including 8 million ha of 
planted shelter-belts (Zhang and Zhao 1989). Whilst the development of China's drylands is 
now a lower priority than it once was, the National Sand Control Aid Group and the Ministry 
of Forestry began a National Sand Control Ten Year Plan in 1991 (Edmonds 1994). This 
plan includes twenty key projects, which intend to bring 66000 kM2 of desertified land under 
control by the year 2000 (Edmonds 1994). Measures to stabilize dunes include: windbreaks, 
fencing, irrigation, indigenous species plantation, land enclosure, extraction and application 
of buried soils, chemical treatment of dune surface and straw checkerboards (Mitchell and 
Fullen 1994). 
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The procedures employed in dune stabilization are often ýbotanical, with dunes fixed by 
planting rather than by mechanical means wherever possible (Liu and Huang 1990). This 
form of dune stabilization has been referred to as phyto-reclamation (Liu 1988a). An 
overriding principle has been that desertification should be dealt with in terms of local 
conditions (Zhu and Liu 1988). With a population of around 50 million inhabiting China's and 
regions (Zhang and Zhao 1989), a large pool of labour is available for dune fixation and 
other desert control measures. However, population pressure in China's and regions has, in 
certain instances, contributed to the increase in desertified land (Edmonds 1994). 
With the development of the People's Republic of China, the road and rail network 
expanded into and areas (Walls 1982). Thousands of kilometres of railways are potentially 
threatened by mobile sand, with sand invading and burying track, damaging locomotives, 
rolling stock and facilities (Zhang and Zhao 1989). 
In areas where little water is available for plant growth, non-biological means are commonly 
used to fix mobile dunes, whereas in steppe zones, shelter-belts are usually planted on 
either side of the railway. Both mechanical and plantation methods are used in desert 
steppe regions (Zhang and Zhao 1989). Of all methods, afforestation has proved the most 
successful (Zhang and Zhao 1989). 
An example of the use of cheap local materials in dune control comes from the protection of 
the Baotou-Lanzhou railway at Shapotou (Shapotou Research Station 1986; Liu 1987; Liu et 
a/. 1994). Straw checkerboards are used in conjunction with planted vegetation and fences, 
to stabilize mobile dunes. The straw checkerboards are simply bundles of straw which are 
half buried into the dune sand in a grid pattern. The purpose of the straw checkerboards is 
to increase surface roughness and in so doing check sand flow. This in turn gives planted 
vegetation a better chance of survival (Liu et al. 1994). 
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1.2.4 Two models of desert dune stabilization 
Models of dune stabilization have been proposed by Tsoar and Moller (1986) and Zhu et aL 
(1988), working in Israel and China, respectively. These two models highlight the role of 
natural dune stabilization processes. Although the prevailing physical and environmental 
conditions differ, close similarities can be seen between the models. 
1.2.4.1 Tsoar and Moller (1986) model of dune stabilization 
Tsoar and Moller (1986) proposed a model of natural dune stabilization based on a 
clunefield near Nizzana in the Negev Desert (Figure 1.1). The linear sand dunes at Nizzana 
appear to have stabilized naturally, once grazing pressures were removed. 
Figure 1.1 Flow chart representing the inter-relationships between processes leading to 
dune stabilization (Tsoar and Moller 1986). (Positive and negative signs represent increase 
and decrease of a process, respectively. Broken lines represent positive feedback 
mechanisms). 
accumulation of sand 
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+ soil moisture content 
+ vegetation density 
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According to the model, the readily available moisture in the dune sand attracts vegetation. 
As a result of increased vegetation cover upon the removal of grazing pressure, sand 
movemen is reduced. This results in less moist underlying sand being exposed to the 
atmosphere, reducing evaporation. Vegetation protects deposited fines, which brings about 
the formation of an algal crust. This algal crust increases surface cohesion and reduces 
sand movement further (Tsoar and Moller 1986). 
1.2.4.2 Zhu et al. (1988) model of dune stabilization 
Zhu et aL (1988) proposed a model of dune stabilization at Shapotou, China. In this model, 
the development of an 'artificial' dune ecosystem resulting in the stabilization of transverse 
desert dunes is described (Figure 1.2). The installation of sand fences and straw 
checkerboards brings sufficient stability to the dune surface to allow the establishment of 
planted vegetation. These 'artificial' stabilization measures result in the creation of 'semi- 
fixed' dunes. Once the dune surface has been stabilized, natural stabilization processes 
further stabilizes the dune, with microphytic organisms forming a protective crust. The stable 
dune surface allows the regeneration of natural species (Zhu et aL 1988). 
Both models require a 'trigger' in order to initiate stabilization. In the model of Tsoar and 
Moller, the removal of grazing pressure is emphasised (Tsoar and Moller 1986), whilst the 
model of Zhu et ai. (1988), highlights the need of physical barriers to reduce surface wind 
speeds. Both models also emphasise the stabilizing role of the microphytic crust. 
Both dune stabilization models indicate that once limiting factors have been overcome, 
dune stabilization proceeds naturally and results in the formation of stable vegetated dunes. 
Tsoar and Moller (1986) showed that the unique moisture retentive nature of the dune sand 
enables the dunes to support a protective vegetation cover with annual precipitation totals 
as low as 50 mm a year. 
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Figure 1.2 Establishment of artificiai ecosystem on mobile dunes (Zhu et al. 1988). 
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1.3 THE ENVIRONMENTAL DYNAMICS OF STABILIZED DUNES 
1 . 3.1 Changes in surface stability brought about by dune stabilization 
Mobile dunes are aeolian features, their size, morphology and migration determined by 
sand-moving winds acting upon a loose and unprotected surface. The stabilization of mobile 
desert dunes, therefore, brings about fundamental changes in the dune environment. 
1.3.1.1 Changes in wind flow erosivity 
Vegetation protects erodible surfaces from wind erosion by increasing the aerodynamic 
roughness of the surface, which absorbs a portion of the shear stress imparted by the wind 
flow (Musick and Gillette 1990). The significance of vegetation in dune environments is, 
therefore, its location at the interface of a potentially erosive agent (wind) and potentially 
erodible surface (dune sand) (Yaalon and Ganor 1973; Thomas 1988; Thomas and Tsoar 
1990). Although sand mobility is inversely proportional to vegetation cover (Ash and 
Wasson 1983), the precise relationship between sparse vegetation and sand mobility has 
been the subject of a number of investigations. Buckley (1987) using wind tunnel studies, 
speculated that little sand movement occurred at plant cover of >30%, although sand 
movement has been recorded with 35-40% cover (Ash and Wasson 1983; Wolfe and 
Nickling 1993). It would appear that a number of factors affect this relationship. 
Jackson and Hunt (1975) found that wind velocity was clearly related to topography. In 
relation to a level upwind area, wind accelerated up the windward slope of the hill to 280% 
at the crest, and declined to only 20-40% on leeward slopes. Therefore, the threshold 
velocity for sand movement will be considerably lower in an area of changing topography 
such as a dune field. Consequently considerable underestimation of sand movement in 
mobile dune environments may result, if the effect of topography on wind speed is not 
Gonsidered. 
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The spatial distribution, size and geometry of the vegetation elements also determines the 
relative effectiveness of vegetation in protecting the surface (Ash and Wasson 1983; 
Buckley 1987; Thomas 1988; Musick and Gillette 1990). It is thought that for similar 
percentage cover, smaller, more uniformly spaced elements afford greater protection than 
larger widely spaced elements (Buckley 1987; Gillette and Stockton 1989; Musick and 
Gillefte 1990). 
Several observations have been made of the importance of dead or partially defoliated 
vegetation in inhibiting soil movement in and areas. Gibbens et aL (1983) observed that 
dead mesquite stems persist for several years, acting as sand traps. In times of drought or 
other environmental stress, dead vegetation may play an important role in stabilizing the 
surface (Wolfe and Nickling 1993). The precise effect of sparse vegetation cover on sand 
transport is of considerable importance in dune stabilization (Musick and Gillette 1990), with 
the effect of mixed plant covers including perennial shrubs, ephemerals and mound-forming 
species needing to be considered (Buckley 1987). 
1.3.1.2 Changes in dune surface erodibility 
Whilst a number of studies have examined the role of vegetation as a dune stabilizer, the 
precise role of the microphytic crust is often ignored (West 1990), or only alluded to 
(Williams et al. 1995a). Microphytic crusts are formed through the Golonisation of the dune 
surface by cyanobacteda, lichens and mosses. The formation of this crust was considered 
by Danin et aL (1989) to be one of the most important changes to occur during dune 
stabilization. Microphytic organisms entangle and 'glue' soil particles to form a crust 
(Campbell et aL 1989; BeInap 1993). Investigation into the protection afforded by 
microphytic crusts has generally focused on protection from water erosion (Williams et aL 
1995b). Evidence concerning the protection afforded by the microphytic crust against wind 
erosion is largely circumstantial (Bond and Harris 1964; Kleiner and Harper 1977; Andrew 
and Lange 1986; Johansen and St. Clair 1986). Williams et al. (1995a), showed that the 
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microphytic crust increased the threshold friction velocity (wind speed required to initiate 
particle movement) from 0.93 to 2.06 m s-1 
Stabilized desert dunes may lack sufficient moisture to sustain the vegetation cover 
considered necessary for total protection of the dune surface. In these circumstances, the 
protection afforded to the inter-shrub area by the microphytic crust may form the last line of 
defence against wind erosion (Williams et aL 1995a). In desert environments, microphytic 
crusts often form the primary ground cover (Campbell et aL 1989). During dry periods, 
microphytic crusts become essentially dormant (Scherer et aL 1984), whilst still affording 
surface protection. Williams et aL (1995a) showed that the even dead crusts are effective 
surface stabilizers. The abandoned sheaths of cyanobacteda continue to contdbute to 
surface stability (BeInap and Gardner 1993). 
Aggregation increases upon dune stabilization (Forster 1979; Forster and Nicolson 1981a, b). 
Whilst. the abundance of aggregates may be related to surface stability, aggregation also 
reduces wind erosion and increases moisture retention, encouraging surface colonisation by 
plants and further stabilization (Forster and Nicolson 1981b). Forster (1979), in an 
examination of aggregation in a maritime dune succession, found that, in the early stages of 
succession, aggregation was largely microbial in origin, whilst at later stages of dune 
succession, root exudates were responsible for a greater percentage of the aggregation. 
However, the total amount of aggregation was low. The weight of aggregates in the surface 
180 mm amounted to only 2.4 g kg-1 in the most stable dune site. The formation of water 
stable aggregates by soil algae was shown by Bailey et aL (1973), who considered that the 
cyanobacteria act as pioneer vegetation, increasing surface stability and improving soil 
properties. 
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1.3.2 Aeolian deposition 
1.3.2.1 The phenomena of desert dust 
Strong winds blowing over poorly protected surfaces are responsible for dust storms, a 
common phenomena in many and environments (Middleton 1991). Dust particles are 
generally <100 pm, with particles >20 pm settling rapidly with a reduction in wind velocity 
(Pye 1987). Although dust storms have always occurred in deserts (Pdw6 1981), often at 
greater rates than at present (Goudie 1983), evidence does appear to suggest an increasing 
trend in dust storm activity, associated with increased anthropogenic disturbance of surfaces 
in add areas (Goudie 1983). 
Estimates of annual global dust production from deflated sediments and soils vary between 
128 * 64 million tonnes and 5000 million tonnes (Goudie 1983; Pye 1987), The wide 
variation is seemingly a reflection of the inclusion or otherwise of short range low level dust 
transport (Pye 1987). Major areas of dust production include the Sahara and the southern 
Mediterranean, Iraq and Kuwait, southern parts of the former USSR, Afghanistan, Iran and 
Western China (Isdo 1976; Goudie 1983; Middleton et aL 1986; Pye 1987). 
Dust deposition data on a global scale is usually sparse and limited to specific research 
studies (Drees et aL 1993). The few reliable data sets, regarding present day ýdeposition 
rates, refer only to short time periods and, due to differences in the method of 
measurement, may not be directly comparable (Pye 1987). Dust deposition is highly 
dependent on location, climate and proximity to dust source (Drees et aL 1993). 
1.3.2.2 Formation of desert dust 
The formation of desert dust particles has been attributed to a number of processes, 
including glacial grinding (Smalley 1966), salt weathering (Goudie et al. 1979) and chipping 
of sand grains during aeolian transport (Whalley et aL 1982). Silt and clay sized particles 
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form in situ within deserts (Goudie et aL 1979) and are also formed outside deserts and 
transported into them from where they are redistributed by aeolian action (Smalley and 
Krinsley 1978). The reactivation of stabilized dunes and fluvial deposits may also be a 
significant source of dust (Sarnthein and Koopman 1980). 
1.3.2.3 Significance of desert dust 
The erosion, transport and deposition of dust has major environmental and economic 
consequences, including soil erosion, air pollution, climatic modification and disruption of 
satellite communications amongst others (Goudie 1983; Pye 1987). The deposition of dust 
has been used by palaeontologists, to calculate the age of sediments and determine 
previous climatic conditions (Jorgenson 1992). The contributions of dust in desert areas and 
its effect on soil development has also been studied. Parent material, whilst usually acting 
as a time independent soil forming factor, may also show time-related variability, as in the 
case of aeolian inputs of dust (Yaalon and Ganor 1973). Several researchers have 
commented that and soils often develop as functions of aeolian deposition (Reheis et aL 
1989; Chadwick and Davies 1990; Reheis 1990), and thus show linear development rates, 
as opposed to the exponentially decreasing rates more commonly found in soils of more 
humid environments (Reheis 1990). 
1.3. Z4 Aeolian additions to soil 
Although a widespread phenomenon, the importance of aeolian additions to soils only 
became recognised during the 1960s (Pye 1987). Since then an awareness of the global 
implications of continuous deposition has emerged (Yaalon and Ganor 1973). Investigations 
revealed that most of the silt and some clay in Israeli soils originated from aeolian dust, 
which accumulates to the present day (Dan and Yaalon 1964). This is not surprising, when 
dust deposition rates in Israel lie in the range 0.02 - 0.083 mm y-1 (Yaalon and Ganor 1973). 
Aeolian materials are identified in the field through grain size analysis, mineralogy or in field 
measures of dust deposition (Yaalon and Ganor 1973). Syers et aL (1969) showed that fine 
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dust could be carried many thousands of kilometres in the troposphere, with dust originating 
in central Asia being recorded in soils as far away as Hawaii. It has been shown that some 
soils consist almost entirely of aeolian material (MacLeod 1980; Danin and Yaalon 1982). 
As soils in and and semi-arid environments often have low nutrient concentrations (West 
1990), the annual influx of aeolian dust may serve as a natural source of nutdent 
enhancement (Yaalon 1987; Drees et al. 1993), Generally, knowledge of nitrogen input by 
atmospheric deposition is limited, in comparison to our knowledge of biotic inputs (West 
1990) and more data are needed to assess the impact of dry deposition over a wide range 
of environments (Boring et aL 1988). Esser (1989) showed that aeolian deposition 
accounted for up to 90% of the nitrogen input in a rocky desert ecosystem. In semi-arid and 
and ecosystems the importance of nitrogen as a second order regulator of production, after 
moisture, has been recognised (West 1990). Nitrogen quality and amount is related to 
particle size (Soderland 1981; Wolff 1984; Offer et aL 1992) and topography may have a 
significant role to play in governing the spatial distribution of nitrogen deposition (Liffmann 
1995). If the dry deposition occurs during the period of high soil moisture content, the effect 
of the added nitrogen on plant growth may be great (West 1990). The change in texture, 
associated with dust depýosition on coarse soils, may greatly affect the soil moisture 
characteristics, leading to vegetation change (Liu 1987). Given these beneficial effects, 
some have Gonsidered it prudent to Gonsider means of trapping dust so that the optimum 
quantity could be added to the soil (Drees et aL 1993). 
1.3.2.5 Deposition of aeolian dust 
Dust particles are deflated when the aerodynamic frictional forces are sufficient to overcome 
the forces holding the sediment (Pye 1984). The velocity required to entrain these particles 
vades with sediment size, cohesion and sorting, but is in the order of 0.2 - 0.6 cm s-1 
(Gillette et aL 1980; Iverson and White 1982). The dust particles once dislodged move by 
sliding, rolling, bouncing or in suspension (Pye 1987). Large particles have faster settling 
velocities and therefore settle out closer to the source. Even under severe wind storm 
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conditions (wind shear velocity >0.7 m s-) the majority of particles >20 lim are carried within 
a few metres of the surface (Pye and Tsoar 1987). An exponential decrease in the mean 
diameter of suspended dust with height is commonly observed (Pye 1987). This 
phenomenon of finer particles (generally <1 0 pm (Pye 1984,1987)) remaining in suspension 
for longer periods and, therefore, being transported greater distances, is seen in grain size 
analysis of aeolian derived sediments with distance from dust source (Dan and Yaalon 
1964,1971; Yaalon and Dan 1974; Pye and Tsoar 1987). 
When a dust cloud moves from a bare to a vegetated surface, surface roughness is 
increased. The reduction in wind speed and shear velocity leads to the rapid deposition of 
dust held in short term suspension (Pye 1987). Higher and denser vegetation is more 
effective in reducing wind velocity, due to greater roughness. Dust is often deposited on the 
leaves, stems and branches of vegetation and washed to the soil surface by rain (Dan and 
Yaalon 1971). Rapid increases in surface roughness lead to large increases in net 
deposition close to the roughness boundary, with deposition rates decreasing exponentially 
downwind. In mobile dune fields, the lack of vegetation and the instability of the sand-silt 
mixture, means that dust is not permanently trapped, but can be resuspended. Dust 
accumulations, therefore, do not occur on unvegetated desert surfaces (Smalley and Vita- 
Finzi 1968; Dan and Yaalon 1971; Yaalon and Dan 1974). Vegetated margins of deserts 
trap large quantities of desert dust, particularly the coarser particles carried near the base of 
the dust cloud (Dan and Yaalon 1971). 
The effect of topography on aeolian deposition has not been thoroughly investigated 
(Nickling 1986). Generally the 'wind shadow'theory is accepted, with greater dust deposition 
in the lee of obstacles, where wind velocities are reduced (Pye 1987). As Jackson and Hunt 
(1975) identified, dust accumulation rarely occurs on the windward sides of bare hills, where 
higher wind velocities are observed. A few studies which challenge this broadly accepted 
view, are those of Goosens (1988a, b) and Goosens and Offer (1990), where greater 
deposition was reported on windward slopes than on leeward slopes of isolated hills. A 
recent laboratory simulation study Goosens has shown, however, that the deposition 
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maximum on a range of hills does indeed conform more closely to the 'wind shadow'theory, 
with a deposition maximum occurring on leeward slopes (Goosens 1996). It would seem that 
further studies are needed, over a wide range of topography, wind speeds and particle 
diameters. Liffmann (1995,1997) considered dune topography as a major factor 
determining the spatial input pattern along a transect of dunes. Liftmann's studies would 
seem to be one of few studies where aeolian deposition was measured in a dune field. 
Greatest deposition occurred on the leeward side of the dune, where a high persistence of a 
downward vortex in the wind pattern was noted (Liffmann 1995,1997). 
1.3.3 Changes in dune hydrology 
1.3.3.1 Importance of moisture in dune environments 
The role of water in and environments is fundamental. Whilst recognising some exceptions, 
Noy-Meir (1973 p. 26) described desert ecosystems as "water controlled ecosystems with 
infrequent, discrete and largely unpredictable water inputs". Ayyad (1973) considered it 
conceivable that plant life in and and semi-arid regions is controlled essentially by major 
climatic elements of the moisture balance. Chen et aL (1995) considered water to be the 
most limiting factor in the establishment of planted dune vegetation. 
1.3.3.2 Infiffration, Runoff and Erosion 
Dune sand, typically loose, cohesionless and low in organic matter, offers little resistance to 
rainfall percolation. Surface runoff, therefore, does not occur on these sands (Jungerius and 
van der Muellen 1988). However, research from Holland and Israel indicates that runoff can 
occur within a stabilized dune environment. Water erosion in dune environments is much 
less conspicuous than wind erosion and has received little attention (Jungerius and van der 
Muellen 1988). A survey of soil erosion on Dutch coastal dunes was conducted by Jungedus 
(1987). The dunes were divided into three units, narnely: foredunes, dunes with a 
discontinuous vegetated cover and flat inter-dune areas planted with dense stands. Aeolian 
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deposition and erosion were dominant in the foredunes, whilst the flat vegetated inter-dunes 
were almost unaffected by erosion. On the partially vegetated dunes, areas affected by 
water erosion were found to be more extensive than those affected by wind erosion. 
Likewise, Yair (1990), working on sand dunes in the Negev, found that under a simulated 
rainfall of 18.4 mm h-1, runoff commenced on stabilized north facing dune slopes within two 
minutes. The visual evidence of water erosion is often short lived, with small rills 
disappearing within a few days (Jungerius and van der Muellen 1988). 
In both the Dutch and Israeli studies, the reduced infiltration and runoff observed on the 
stabilized dune surfaces were explained by the development of a thin microphytic crust at 
the dune surface and the associated build up of hydrophobic organic matter in the dune 
sand. The removal of this surface layer resulted in an elimination or marked reduction in 
surface runoff. Under a simulated rainfall of 53 mm h-1, runoff was not recorded where the 
microphytic crust had been removed until 37 mm had been applied (Yair 1990). Jungerius 
and van der Muellen (1988) found no evidence of runoff where the surface 'grey sand' had 
been removed. 
Water repellency, or hydrophobicity in sands, appears to develop in response to a number 
of factors. In South Australia, Bond and Harris (1964) found hydrophobicity was always 
associated with well developed vegetation cover. Bond (1964) compared the effect of 
vegetation type on the development of hydrophobicity and found considerable differences 
between species. Although Sullivan (1990) clearly demonstrated that increased organic 
matter content resulted in increased hydrophobicity, Bond and Harris (1964) found 
considerable hydrophobicity in sands with organic carbon percentages as low as 0.1%. In 
all cases where hydrophobicity was reported, clay content was <5%. 
Dry hydrophobic soils have reduced rates of infiltration compared to wet soils (Bond 1964). 
Jungerius and van der Muellen (1988) found that water erosion on Dutch coastal dunes was 
much greater during the summer when surface sand was dry. Water repellency also effects 
the spatial pattern of infiltration. Bond (1964) showed that rainfall penetrated water repellent 
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sands through narrow tongues which left the soil between quite dry. This may be due to the 
lack of hydrophobicity in certain areas, or to the fact that infiltration is more rapid where 
hydrophobic soil is already moist. 
Air entrapment during soil wetting also reduces infiltration. Sullivan (1990) suggested that 
the increased hydrophobicity of soils high in organic matter resulted in part from air 
entrapment. Crusting of the soil surface either by a microphytic or physical crust, may also 
result in air entrapment and reduced infiltration (Brotherson and Rushforth 1983). 
Dry microphytic crusts rapidly absorb moisture. Wang et aL (1981) showed that some 
organic crusts absorb eight times their weight over a 30 minute period. This results in a 
swelling of cyanobacterial filaments (Fritsch 1922). The swelling of the microphytic crust and 
of clays was shown by Verrechia et aL (1995) to effectively block pores within the 4-40 jim 
range, significantly reducing infiltration. 
1.3.3.3 Evaporation 
The rate of water loss from damp soil is controlled by the evaporative demands of the air 
and the heat energy balance. However, evaporation declines sharply once the rate of 
evaporative loss exceeds the supply of moisture required to maintain a moist surface 
(Payne 1988). When this occurs and the surface dries, the rate of evaporation is determined 
by vapour flow across a concentration gradient between the atmosphere and the underlying 
moist soil. A dry layer, as thin as 1 or 2 mm, may appreciably reduce evaporation (Payne 
1988). 
The coarse nature of dune sand results in the rapid ýdrying of the surface, with the 
development of a sharp boundary between the dry surface sand and moister underlying 
sand (Boersma 1993). Boersma (1993) noted the dry surface layer was between 50 and 
100 mm thick. This dry surface layer effectively acts as a 'mulch', preserving the underlying 
moisture from further evaporation (Boersma 1993). Stabilization may, therefore, help to 
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preserve this moisture, by preventing the deflation of this protective layer (Tsoar and Moller 
1986). 
In and areas, evaporative, rather than drainage losses in and areas, constitute the largest 
moisture loss (Noy-Meir 1973). Whereas in humid climates, coarse textured or rocky soils 
carry poor vegetation, in and environments they usually support denser vegetation than finer 
textured soils (Tsoar and Moller 1986). As evaporative losses are very small from below 300 
mm depth, the total evaporation will be proportional to the moisture held in this surface 
layer. Thus, moisture loss will be considerably greater from fine textured soils than from 
coarse textured soils, a phenomena known as the 'inverse texture' effect (Noy-Meir 1973). 
Where precipitation falls during summer months, evaporative losses are potentially high 
(Payne 1988). Frequent light showers are soon evaporated, and are thus ineffective. 
Heavier showers are more likely to wet the soil to such a depth so as to be protected from 
evaporation, and are, therefore, more effective. Hopkins (1940) showed that after a 25 mm 
rainfall event, 16 mm remained in the soil 10 days later. Five smaller showers of 5 mm on 
subsequent days resulted in only 8 mm remaining 10 days later. 
Following stabilization, dune sand may become covered with an extensive microphytic 
crust. The effect of microphytic crusts on evaporation is relatively unresearched (West 
1990). Metting et a/. (1988) showed that a cyanobacterial crust in the Sahel reduced 
moisture loss by almost 18 times compared to a non-crusted surface, with moisture contents 
of 8-9%, compared to 1.3% where there was no crust. Fritsch (1922) proposed that the 
highly mucilaginous sheaths of the cyanobacteria might form a layer at the soil surface 
which would act as a 'mulch', impeding evaporation of moisture caught beneath. Booth 
(1941) thought it likely that this accounted for higher moisture contents (8.9%) observed in 
soil just beneath microphytic crusts two days after rainfall than where the microphytic crust 
had been removed (1.3%). These results were remarkably similar to the results obtained by 
Metting et al. (1988). Brotherson and Rushforth (1983) suggested that the microphytic crust 
when wet could seal the soil, thus trapping bubbles of air. This air entrapment below a wet 
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crust may well decrease evaporation (Sullivan 1990). However, evidence of increased 
evaporation from microphytically crusted surfaces was found by Harper and Marble (1988), 
where the upper 75 mm of soil underneath microphytic crusts lost significantly more 
moisture than in scalped plots (Harper and Marble 1988). They concluded that the dark 
colour of the microphytic crusts absorbed more solar radiation, and reached temperatures 
50C higher than uncrusted surfaces, resulting in increased evaporative losses. The finer soil 
found underneath microphytic crusts may also lead to greater evaporation, as moisture is 
held close to the surface and is therefore more easily evaporated (Harper and Marble 1988). 
1.3.3.4 'Subtefranean dew' 
Whilst most studies of soil moisture dynamics in humid environments concentrate on liquid 
phase flow, there appears to be an increasing realisation of the importance of vapour phase 
flow in and soils. Under some semi-arid conditions, with large diumal fluctuations of 
temperature and low soil moisture contents, vapour flow may be significant (Payne 1988). 
As soil moisture content decreases, so the vapour flux becomes increasingly significant. 
Mehta et al. (1994) found that at moisture contents <2.1% (-5 MPa) vapour flux exceeded 
liquid flux. Other studies showed vapour flux to be an order of magnitude higher than liquid 
flux at water potentials of only -0.55 MPa (Rose 1968a). 
Temperature gradients in soils result in vapour movement in the direction of decreasing 
temperature, in response to the vapour pressure gradient (Marshall and Holmes 1988; 
Scanlon 1992; Boersma 1993; Rose 1968 a, b). The vapour pressure of water changes from 
2.34 kPa at 200C to 4.25 kPa at 30()C (Marshall and Holmes 1988). Gurr et aL (1952) 
calculated soil vapour fluxes up to three times greater than could be explained by vapour 
diffusion theories alone. Due to differing thermal conductivities of the three phases present 
in soil (solid, water and gas), the temperature gradients which develop across the air filled 
pores in which vapour phase flow occurs is larger than the mean temperature gradient. This 
provides a plausible explanation for the higher than expected rates of vapour flow observed 
(Gurr et aL 1952; Rose 1968a, b). 
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Generally, a downward vapour flux occurs during the day and a smaller upward flux during 
the night (Rose 1968a, b; Scanlon 1992). This diurnal fluctuation results from diurnal 
fluctuations in the surface temperature gradient. Condensation of soil water vapour at the 
surface during the night, sometimes known as 'subterranean dew' (Evanari 1971; Noy-Meir 
1973), is highly dependent on a number of meteorological and soil variables, including wind 
speed, air temperature at the surface, humidity, dew point, temperature gradient and soil 
texture (Cheng and Kang 1990; Stark and Love 1969). Salisbury (1952), working on UK 
dunes, reported that this 'subterranean dew' increased soil moisture content by 0.9 ml/100 
ml of soil. Nocturnal increases in moisture content of 5% in the surface 12.7 mm were 
reported by Rose (1968a), with maximum moisture contents occurring at 0500 hours. 
Although the results of these studies are dependent upon the initial moisture conditions of 
the dune (Scanlon 1992), both studies concluded that 'subterranean dew' on the days 
studied could have adequately provided the vegetation's transpiration requirement. 
This 'subterranean dew' appears to have ecological implications in deserts (Stark and Love 
1969; Rose 1968b) and is available to microphytes (Cheng and Kang 1990) and higher 
vegetation (Stark and Love 1969), in much the same way as moisture from atmospheric 
dew is utilised in desert areas (Evanari et aL 1971). 
1.3.3.5 Water balance 
A number of researchers have observed a decline in the moisture content of dune sand 
following stabilization. Gupta (1979), working in Rajasthan, India, found that the moisture 
content of stabilized dunes (0.3-1.8 m) averaged <1%, compared to 2-5% in the mobile 
dunes. This reduction is due to the utilisation of available moisture by the planted 
vegetation. Similar findings from Shapotou Research Station, China, have been reported 
(Chen 1991; Zhang and Wang 1993; Chen et al. 1995). Chen (1991) compared the water 
balance of mobile dunes with dunes stabilized 29 years earlier. Precipitation during the 
observation pedod amounted to 175.5 mm. Evapotranspiration amounted to 127.5 mm on 
the mobile dunes, and 199.1 mm on the stabilized dunes. A 48 mm moisture surplus was 
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measured in the mobile dunes whilst a 23.6 mm deficit was measured in the stabilised 
dunes. A differing view of the effect of stabilization on dune moisture content was proposed 
by Tsoar and Moller (1986), who considered evaporation as the chief cause of moisture loss 
from dune surfaces. Evaporation was exacerbated by sand mobility, where moist dune sand 
was exposed at the dune surface. The reduction in sand movement with dune stabilization 
resulted in decreases in evaporation and an increase in the moisture content of the dune 
sand. 
1.3.4 Desert dune vegetation 
Sand dune environments provided the setting for a number of early studies of relatively 
long-term vegetation change (Burrows 1990). Cowles (1899), first described the vegetation 
changes of the Lake Michigan shore dunes, and considered that ecological studies needed 
sites where plant formations rapidly passed into other types by reason of the changing 
environment (Cowles 1899). Cowles considered that these requirements were met par 
excellence in a region of sand dunes and wrote: "[They] furnish a favourable region for the 
pursuit of ecological investigations because of the comparative absence of the perplexing 
problems arising from the previous vegetation... the dune offers to plant life a world for 
conquest, subject almost entirely to existing physical conditions... nowhere else could many 
of the living problems of ecology be solved more clearly or ecological principles be 
subjected to a more rigid test" (Cowles 1899 p. 96). 
Whilst research by Cowles concentrated on the description of dune vegetation (Cowles 
1899), Fuller (1914) examined the changing dune hydrology of plant communities forming a 
successional sequence on the Lake Michigan dunes. Later studies concentrating on the 
changing soil properties (in particular chemical properties) over time (Salisbury 1952; Olson 
1958) have improved the understanding of the nature of long-term ecosystem development 
(Burrows 1990). 
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This integrated approach to ecosystem development is especially important in and lands. 
Ayyad (1981) considered the inter-relationships between soil, vegetation and atmosphere in 
add lands were so intricate that they could hardly be divided into separate entities. The soil- 
atmosphere complex controls the behaviour of plants, which in turn contribute to soil 
formation and micro-climate modification. Whilst extensive research has been conducted on 
vegetation succession on coastal or lake shore dunes (Burrows 1990), comparatively little 
research has been undertaken on desert dune vegetation succession. 
1.3.4.1 Vegetation of mobile dunes 
Mobile dune fields throughout the world provide a uniquely harsh environment for soil 
development and plant growth. Mobile dunes favour soil erosion rather than soil formation, 
and only relatively few plant species endowed with resistance to burial may survive (Ayyad 
1981). The environmental conditions which face plants in desert areas are extreme. The 
temperature variations in cool deserts are great, both on a diurnal and seasonal basis. 
Rainfall totals are low and evaporative losses high. Long periods of drought are common. 
Wind speeds are often high and the suspended particles can be damaging. Mobile sand is 
an extremely poor environment for plant growth due to low organic matter, low nutrient 
content, low surface water holding capacity and a fluctuating surface level (Danin 1991). 
Plants in desert dunes have numerous adaptations for survival. They may put down deep 
roots to maximize the volume of soil for water uptake, or drop their leaves during the dry 
season to prevent evaporation. Surface rooting species are often ephemeral, dying at the 
beginning of the dry season and germinating in the wet season (Danin 1991). 
1.3.4.2 Vegetation response to changes in surface stability 
Prior to stabilization, the mobility of dune sand is the primary limitation to vegetation 
development. Plants able to develop on these dunes are generally those with anchoring tap 
roots, whereas species with shallower roots are suited to more stable areas (Thomas 1988). 
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Clear relationships between sand mobility and vegetation cover have been documented 
(Ayyad 1973; Danin 1978; Kadmon and Leschner 1995; Kobayashi et al. 1995) and 
vegetation cover used as an indicator of sand stability (Danin et aL 1989). Ayyad (1973), 
found that the physical process of dune stabilization was the single most important factor in 
explaining the distributional behaviour of vegetation. During vegetation succession, 
specialised sand binding, burial-resistant species give way to those less adaptive to unstable 
conditions. Similar findings were made by Kadmon and Leschner (1995), who considered 
surface stability to be the major niche axis for annual plants in linear dunes. Vegetation 
coverage and biomass tend to increase as dune stabilization progresses, although individual 
growth rates may decrease (Kobayashi et aL 1995). 
Differing degrees of sand mobility are favoured by different dune species (Kadmon and 
Leschner 1995). Annual plants are particularly vulnerable to dune instability (Ayyad 1973; 
Kadmon and Leschner 1995). Kobayashi et aL (1995) found that the best condition for the 
establishment of seedlings of the shrub Artemesia ordosica occurred when the seeds were 
buried -10 mm deep. Consequently, establishment was greater in semi-fixed dunes than in 
mobile or fixed dunes. On mobile dunes, seeds were either blown away or buried too deep, 
whilst on fixed dunes, seeds remained exposed at the surface, subject to the deleterious 
effects of dry conditions. 
1.3.4.3 Vegetation response to changes in surface texture 
The percentage of fine material (silt and clay) in mobile dunes is very low. Levels of silt are 
found to increase on stabilization (Danin 1991; Kobayashi et aL 1995). Several studies of 
stabilized desert dunes have shown silt + clay contents -15% (Goudie et aL 1973; Tsoar and 
Moller 1986). Plants trap aeolian dust effectively, especially when cover is dense (Danin 
and Yaalon 1982). 
Clear vegetation responses to textural change were noted by Danin (1991). increased 
species diversity and productivity resulted from increased moisture availability. This in turn 
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was the result of increased silt and clay contents at the dune surface (Danin 1991; Tsoar 
and Moller 1986; Danin and Yaalon 1982). A clear positive correlation (p <0.001) was 
observed between the phytomass, of annual species and the silt + clay content of the 
surface 0.3 m (Danin 1991). 
Research in China also revealed that an increase in fine material at the surface resulted in 
increased cover of annual species (Chen 1983). However, the opposite appears to be true 
for shrub species, which declined with increased surface fines (Kobayashi et aL 1995; Chen 
1995). 
The deposition of silt and clay at the dune surface was found to be necessary for the 
formation of a microphytic crust. Danin (1991) found that the growth of cyanobacteria on the 
dune surface required a threshold of 4-5% silt + clay. This need for finer soil particles was 
found also found by Harper and Marble (1988). As mentioned earlier, these cyanobacteria 
further contribute to the dune stabilization. 
1.3.4.4 Vegetation response to changes in dune hydrology 
Regression analysis of different environmental factors by Noy-Meir (1973) indicated that 
vegetation variation is produced by an interaction between rainfall and texture, with 
increased sandiness operating in the same direction as increased rainfall. Therefore, as 
other investigators have also shown, sandy soils offer potentially the most favourable 
moisture regime in and areas (Gabriel 1938; Noy-Meir 1973; Tsoar and Moller 1986). Sandy 
soils are wetted more deeply and the water stored is easily available to plants. Water is not 
often lost to surface run-off and evaporation is low. Thus, 80% of stored moisture is used in 
the transpiration of plants. However, the upper layers of the bare sand soon dry after rain, 
thus limiting seedling germination and establishment (Danin 1991). 
Upon stabilization, changes in the dune moisture regime drives vegetation changes 
(Kobayashi et aL 1995; Danin 1978). Unstabilized dunes generally have rapidly drying 
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surface layers, overlying moister sand (Kobayashi et aL 1995). In this situation, plants with 
deep roots are able to utilise this moisture. This reservoir of easily available moisture is 
protected from evaporation by the dry sand surface, allowing rapid vegetation growth. 
Therefore, given their deeper roots, perennial shrubs are characteristic of newly stabilized 
dunes. 
Initially, drought stresses of these deeper rooting shrubs are relatively minor (Kobayashi et 
al. 1995). Transpiration results in depletion of dune moisture (Chen 1983; Gupta 1979; 
Kobayashi et aL 1995). As moisture is depleted, stresses increase, so that less drought 
tolerant species are replaced by those with greater drought tolerance. The decline in 
available moisture results also in a slowing down in shrub growth rate and even a reduction 
in shrub cover (Kobayashi et aL 1995; Chen et aL 1995). 
The invasion of shallow rooting annual species is often found at later stages of dune 
stabilization (Kadmon and Leschner 1995; Ayyad 1973). This has been shown to be 
associated with the formation of an increasingly moist layer at the dune surface (Danin 
1991). On stabilized dunes, finer textured material accumulates at the dune surface, 
resulting in a profound change in dune hydrology (Chen et a/. 1995; Kobayashi et al. 1995). 
Moisture is held at the dune surface, by an increasingly moisture retentive surface layer 
(Kobayashi et aL 1995). Consequently recharge of the deeper dune sand is reduced, 
resulting in a further desiccation of these sands. Textural changes at the surface affect plant 
germination differently, resulting in changes in species composition (Danin 1978). Evanari 
and Gutterman (1976) showed that the moisture regime of the uppermost 10 mm had the 
most important effect on germination of annuals. This hydrological situation benefits 
shallower rooting annual species that are able to utilise this surface moisture (Chen 1983). 
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3.5 Microphytic crusts 
1.3.5.1 Introduction to microphytic crusts 
A criterion often used to define deserts and semi-deserts is their perceived sparse 
vegetation cover (West 1990). However, on closer examination, many undisturbed desert 
surfaces are covered with an intricate association of non-vascular plants variously known as 
biologic, cryptogarnic, microbiotic (Skujins 1984), MiCrofloral (Loope and Gifford 1972), 
cryptobiotic (Harper and Pendleton 1993) or microphytic (Cameron 1978) crusts. For the 
sake of clarity, the term microphytic will be used, as it refers simply to the diminutive and 
less conspicuous microphytes making up these crusts (West 1990). These microphytic 
crusts often cover as much or more of the surface than vascular plants (Harper and Marble 
1988) and their degree of cover may be nearly complete (West 1983). In certain areas these 
crusts may constitute a microbial 'climax vegetation' (Kleiner 1983). The microphytic crusts 
are complex assemblages of mosses, liverworts, cyanobacteria, lichen, fungi and bacteria 
(Eldridge and Greene 1994). 
Increasingly, these crusts are viewed as playing several vital roles in and and semi-arid 
ecosystems and have received increasing attention since the 1970s (St. Clair and Johansen 
1993). This is revealed by the recent publication of several review papers dealing with these 
crusts (Harper and Marble 1988; Campbell et a/. 1989; Isichei 1990; West 1990; Eldridge 
and Greene 1994). Research into these crusts prior to the 1970s was largely descriptive, 
taxonomic and physiological (West 1990) and was reviewed by Friedmann and Galun 
(1974). 
1.3.5.2 Biological composition 
Because of the taxonomic complexity of the microphytic communities, it is uncommon for a 
complete inventory of the microphytic crust to be reported (Margulis et al. 1986). Often only 
those organisms with which the researcher is familiar will be identified (West 1990). Whilst 
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the crust may often be studied as one system (Anderson and Rushforth 1976) due to the 
close associations between the species, the species composition within the crusts is not 
uniform and varies at both micro and macro levels (Cameron and Blank 1966). The 
cyanobacterium Microcoleus vaginatus, which appears to be the main constituent of North 
American microphytic crusts (Booth 1941; Shields et al. 1957; Brock 1975), was completely 
absent from studies of crusts at Lanzhou, North Central China, where other cyanobacteria 
such as Oscillatoria sp. and Tolypothrix sp. were present (Reynaud and Lumpkin 1988). 
However, it has been found that microphytic crust species have a remarkably ubiquitous 
distribution (Eldridge and Greene 1994; Starks et aL 1981), with the majority of species 
being identical when similar environments are compared between continents, probably due 
to the ease of diaspore transport in the atmosphere (West 1990). 
The mosses and liverworts, together known as bryophytes, favour areas where clay contents 
are higher (Anderson et aL 1982). In a study on sand dunes in Eastern Australia, Downing 
and Selkirk (1993) found that the least stable dunes, which were most freely draining had 
the lowest cover of bryophytes. Although the bryophytes do not form a true crust, but rather 
grow in the surfaGe layers of the soil, their ability to produGe dense networks of underground 
stems, makes them important stabilizing agents (Eldridge and Greene 1994). 
Lichens form as a result of symbiotic relationships between algae and fungi, each 
combination producing specific lichens (Eldridge and Greene 1994). These lichens may be 
dominant in the microphytic crusts (Alexander and Calvo 1990). Like the bryophytes the 
lichens respond positively to increasingly fine textured soil and are less commonly found on 
sandy soils. Lichens may be scarce in areas where summer rains are frequent, due to 
damage to the moist lichen thalli at high summer temperatures (Rogers 1977). Lichens are 
restricted to stable landscapes and their presence is often considered a bio-indicator of 
ecological change (Eldridge and Greene 1994). 
Despite their ubiquitous distribution, cyanobacteria taxonomy is poorly understood (Eldridge 
and Greene 1994). Cyanobacteria are thought to be more tolerant of disturbance than both 
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lichens and bryophytes (Metting 1991) and consequently are often the pioneering species in 
the re-vegetation of degraded soils (Booth 1941; Bailey et a/. 1973). Reasons for this 
success in pioneering colonisation are an ability to bind loose surfaces (Bailey et aL 1973) 
and fix atmospheric nitrogen (Shields et aL 1957; Stewart 1980). Stewart (1973) commented 
that the more extreme the physical conditions, the more likely it is to find cyanobacteria, 
provided light, water and carbon dioxide are available. The well recognised ability of 
cyanobacteria to withstand long periods of desiccation (Peveling 1987) in a dormant state, 
equips these organisms for colonisation of marginal desert environments. Often 
cyanobacteria form the primary component of microphytic crusts (Anderson and Rushforth 
1976; Kleiner and Harper 1972). 
1.3.5.3 Microphytic crust formation 
The main primary producers, the cyanobacteria, produce extra-cellular metabolic products 
(sheaths), which are able to bind soil particles (Campbell et aL 1989). The organisms are 
also motile during part of their life cycle (Schwabe 1963; Campbell 1979). The combination 
of motility and polysaccharide sheath production, produces an extensive web around sand 
sized particles, which 'glues'them together (Campbell et al. 1989). These cyanobacteria are 
positively photoactive and tend to migrate upwards toward the light, trapping and binding 
newly deposited particles as they accumulate (Campbell et al. 1989). This upward 
movement is most evident following rain (Cameron and Blank 1966). The dry 
polysaccharide sheaths account for the brittle nature of the dry crusts (Campbell et aL 
1989). 
Microphytes are tolerant of enormous variations in climate (West 1990). Surface 
temperatures in some deserts may reach 700C (Sinclair 1922), and it appears that in a dry 
state, some microphytes may be able to survive such high temperatures (McFarlane and 
Kershaw 1978). Studies have shown that the maximum physiological activity of the 
microphytic crusts occurs at temperatures between 10 and 200C (Rychert et al. 1978; Nash 
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and Moser 1982) and West (1990) also indicated that activity may be greatest during the 
cooler season. 
Microphytic crusts are often able to survive long periods in a desiccated state and yet have 
rapid physiological responses that allow the use of surface moisture that comes in short 
pulses (Noy-Meir 1973). Evanari (1985) also showed that mosses and lichens could utilise 
moisture from dew and even high humidity. In a study in China, Scherer et aL (1984) 
showed that the cyanobacteria Nostoo flagelfiforme could survive a two year drought and yet 
rapidly take up moisture on re-wetting. This behaviour is a vital adaptation to life in an 
environment where rainfall is irregular and often sparse. Small showers are often Gonsidered 
ineffective, as moisture is quickly evaporated and is therefore unavailable to vascular 
plants. However, as microphytes respond rapidly to wetting and rely on the moisture present 
at the surface only, these small showers are an important source of moisture for the 
microphytic crust. In Arizona, lichen growth is confined to only 40 days per year when 
moisture and temperature conditions allow (Nash and Moser 1982). The soils of temperate 
semi-arid areas often show considerable temperature gradients between the surface and the 
lower soil layers. This has been shown to induce vapour phase movement to the surface 
during the night (Rose 1968a, b; Stark and Love 1969; Marshall and Holmes 1988; SGanlon 
1992). The significance of this moisture to the microphytic crust is as yet unresearched. 
Aspect plays an important role in the modification of micro-climates, through its influence on 
incoming radiation, and indirectly, temperature and evaporation. It appears that microphytic 
crust development is enhanced on more shaded slopes. Nash et aL (1979) and Nash and 
Moser (1982) showed that lichen growth was 10-100 times greater on north facing slopes 
than on south facing slopes in central USA. Kappen et ai. (1975), noted a similar pattern in 
the central Negev (1975) and Danin noted greater moss cover on northern slopes of stable 
biological mounds in the Negev (Danin 1978). Alexander and Calvo (1990) working in 
southern Spain speculated that the form of the landscape, with steep south-facing slopes 
and shallower north-facing slopes, was due to the lack of a protective lichen crust on the 
south-facing slopes, resulting in increased erosion on the lichen free south facing slopes. 
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Correlation studies showed that the microphytic crust organisms are better developed on 
finer textured soils (Shields and Drouet 1962; Kleiner and Harper 1972; Anderson et aL 
1982; Graetz and Tongway 1986) In a study in Israel and Sinai, Danin (1991) suggested that 
the soil must contain at least 4-5% clay and silt to support a microphytiG crust cover. 
The species making up the microphytic crusts often differ in their reaction to soil chemical 
properties. Whilst lichens and mosses may be tolerant of highly acidic soils (West 1990), 
cyanobacteria are generally found on more alkaline, or even sodic, soil (Shields and Durrell 
1964; Shubert and Starks 1980; Starks et a/. 1981). Microphytic crusts appear to respond 
positively to increased extractable phosphorus (Kleiner and Harper 1972,1977; Anderson et 
a/. 1982). The nitrogen fixing cyanobacteria seem to thrive best under conditions of low 
fertility, possibly due to their increased competitiveness (Starks et al. 1981). Starks and 
Shubert (1982) reported a positive correlation between available iron and the richness of the 
cyanobacterial biomass on newly colonised mine spoil. 
It has been widely observed that following livestock trampling there is a reduction in 
microphytic crust cover (Brotherson et aL 1983; Graetz and Tongway 1986; Johansen and 
St. Clair 1986; Harper and Marble 1988). It appears that mosses and lichens are more 
susceptible to livestock trampling than cyanobacteria (West 1990). The microphytic crusts 
are especially vulnerable when dry (Harper and Marble 1988). 
Due to the simple anatomical structure of the microphytes and the rapid uptake of water 
through their thalli, microphytes are particularly sensitive to pollution (West 1990). Most 
studies of microphytic crust susceptibility to pollution have concentrated on lichens, with 
experiments showing lichens to be particularly sensitive to atmospheric S02 (Sheridan 
1979; Hendriksson and Pearson 1981; Pearson and Rodgers 1982). 
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1.3.5.4 Nutrient cycling 
The role of microphytes in nutrient cycling, in particular nitrogen fixation, has long been 
recognised (West 1990). Shields and Durrell (1964) showed that amino nitrogen declined 
from 256 ppm in a cyanobacterial crust to only 10 ppm at 150 mm depth. They proposed 
that this amino-nitrogen was released through the death and decomposition of the 
cyanobacterial cells. This nitrogen was shown in laboratory studies to be available to higher 
plants (Mayland and Macintosh 1966; Snyder and Wullstein 1973). Reported rates of 
nitrogen fixation in deserts shrub steppes and grasslands range from 2-41 kg ha-1 y-1 (West 
1990). Work on the fate of fixed nitrogen indicates that much of it is lost through 
denitrification (McGregor 1972) or volatilization (Skujins and Klubek 1978). Environmental 
conditions affect nitrogen fixation by these crusts. Rychert et aL (1978), showed that 
maximum nitrogen fixation in cyanobacterial lichen crusts occurred at 200C but declined 
sharply <18 and >230C. Full sunlight appears also to inhibit N-fixation. Rychert and Skujins 
(1974) showed that nitrogen fixation by cyanobacteria was at a maximum under a light 
intensity of 300 micro-einsteins M-2 S-1, which is comparable to a day with heavy cloud 
cover. 
Nitrogen fixation can only occur when the crusts are moist (McGregor and Johnson 1971), a 
factor that would obviously reduce the potential for nitrogen fixation in desert areas. 
However, the microphytic crusts may be able to utilise the moisture from light showers and 
dew, which are too transient for vascular plants to begin actively absorbing available 
nutrients (Charley and Cowling 1968). Cyanobacteria absorb water very quickly, but lose the 
same water very slowly (Lange et ai. 1968). Using acetylene reduction techniques, 
MacGregor and Johnson (1971) showed nitrogen fixation from algal crusts three hours after 
moistening. Although these periods of nitrogen fixation may be short, they should not be 
discounted in add lands (Stewart 1978), where nitrogen often is the most deficient natural 
element (Drenge 1968). 
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The contribution of organic matter by microphytic crusts is generally assumed (Johansen 
1986), or has been indirectly demonstrated (Fletcher and Martin 1948). Net primary 
production in desert ecosystems has rarely been estimated in the field (West 1990). 
Fletcher and Martin (1948) showed a 40-400% increase in organic matter in soils stabilized 
with a microphytic crust. In a comparison of grazed and ungrazed surfaces, Graetz and 
Tongway (1986) showed greater organic carbon levels in the ungrazed soils, where the 
microphytic crust was complete. Beymer and Klopatek (1991), using 14CO2 tracer 
techniques, showed that microphytic crusts contributed organic carbon fixed in 
photosynthesis directly to the ecosystem. Microphytic crusts release carbon compounds, 
amounting to up to 20% of the carbon fixed during photosynthesis (Cheng et a/. 1972). 
Leakage of the organic compounds, including sucrose, also occurs during re-wetting 
following dry periods (Farrar and Smith 1976). This loss may be due to membrane rupture, 
following frost damage (Tearle 1987), or a rapidly changing osmotic potential of the soil 
solution (Keift et a/. 1987). These carbon compounds may be directly taken up by closely 
associated heterotrophic bacteria and fungi (Bauld and Brock 1974) and are potentially a 
major source of nutrition to a large mass of heterotrophic soil micro-organisms (including 
nitrogen fixers) crucial to the functioning of the ecosystem (Paul and Clark 1989). 
1.3.5.5 Interaction between microphytes and higher vegetation 
The relationships between microphytic crusts and vascular plants are poorly understood 
(Eldridge and Greene 1994), with few controlled experiments having been conducted 
(Harper and Marble 1988). As microphytic crusts concentrate water and nutrients at the soil 
surface (Graetz and Tongway 1986), it seems reasonable to assume that they have some 
effect on vascular plants (Eldridge and Greene 1994). 
A positive relationship between the microphytic crusts and the vascular vegetation cover has 
been reported in a number of studies (Booth 1941; Fletcher and Martin 1948; Shields and 
Durrell 1964; Kleiner and Harper 1977; Meyer 1986; Graetz and Tongway 1986; MUcher et 
aL 1988). This positive relationship has been attributed to the concentration of water and 
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nutrients in the top 100 mm of soils, thus favouring seedling establishment (Graetz and 
Tongway 1986). Galun et al. (1982) believed higher temperatures under microphytic crusted 
surfaces could advance seedling germination and growth. In a field trial, Harper and St. Clair 
(1985) showed that seedling survival at the end of the first season was 2.5 times greater on 
crusted than on non crusted sites. The gap narrowed with time, but was still 1.6 times 
greater after three years. St. Clair et aL (1984) showed in greenhouse experiments that 
seedling germination was significantly greater on microphytic crust surfaces. 
A number of researchers have observed a negative relationship between the microphytic 
crust and higher vegetation (McIlvanie 1942; Hacker 1984,1987; Eldridge 1993). Schofield 
(1985) showed that as grasses were eliminated by overgrazing, the cover of mosses 
increased. Crisp (1975) showed that cryptogam cover increased as the cover of herbs and 
trees decreased, following long-term exclusion of grazing. The increase of vascular plants 
may also reduce microphytic cover through shading (Looman 1964). 
The role of the microphytic crust as a 'safe site' for germination of vascular plants and as a 
seed bank is disputed. Some microphytic crusts develop a polygonal cracked surface on 
drying (Eckbert et aL 1986). Germination on these crusts occurred chiefly in the cracks. This 
may well be due to the soil being moister under the crust (in the crack) than at the surface. 
Cracks also trap seeds and prevent their removal by wind, thus creating 'safe sites' for seed 
germination (MOcher et aL 1988). However, McIlvanie (1942) proposed that the microphytic 
crust prevented the seedling from coming into contact with the soil, resulting in the seedlings 
drying out and dying. However, the shape and size of the seeds may be important in 
determining the seed's ability to germinate. Crisp (1975) reported a sorting of the higher 
vegetation following the exclusion of sheep at Koonamore, South Australia. Some plants 
such as Schismus sp. and Salsola sp., had small round seeds, which prevented them from 
breaking the crust, whereas Stipa sp. had a hydroscopic awn and setae on the seed, which 
penetrated the crust. Kleiner (1982) found that with an increase in microphytic crust cover, 
perennial grasses decreased, whilst Stipa sp. increased. 
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Chapter 2 
Materials and Methods 
2.1 INTRODUCTION 
Research links between the University of Wolverhampton and the Institute of Desert 
Research, Academia Sinica (IDRAS), were established with the visit of Dr D. J. iMitchell and 
Dr M. A. Fullen (University of Wolverhampton) to IDRAS in 1990 (Fullen and Mitchell 1991). 
During this visit Drs Mitchell and Fullen conducted preliminary investigations into dune 
stabilization and clesertified land rehabilitation at IDRAS field stations in Ningxia-Hui 
Autonomous Region, and identified the possibility of further collaborative research. 
Following this initial visit, field work was conducted in the summers of 1993 and 1994. The 
bulk of field research was conducted at Shapotou Research Station; a well established 
scientific station engaged in desert dune stabilization and land reclamation. Research was 
also conducted at Yanchi Research Station, where a smaller research team is developing 
sustainable land-use practices and measures for the rehabilitation of desertified land. 
Analysis of collected samples was conducted at the University of Wolverhampton. Particle 
size analysis was conducted at the Geography Department, University of Oxford. 
2.2 FIELD SITE DESCRIPTION 
2.2.1 Shapotou Research Station 
Shapotou Research Station, a field station of the Institute of Desert Research, Academia 
Sinica (IDRAS), lies between the south-eastern fringe of the Tengger Desert and the Yellow 
River at 37'27'40"N and 104057'06"E (Liu et a/. 1994) (Figure 2.1, Plate 2.1). The station is 
located near the village of Shapotou, in Zhongwei County, Ningxia-Hui Autonomous Region, 
at an altitude of 1234-1354 m (Shapotou Research Station 1991). 
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Figure 2.1 Map of China's deserts showing location of Shapotou and Yanchi Research Stations. (Shamo'are sandy deserts and 'gobi'rock and gravel deserts). 
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Plate 2.1 Aerial view of Shapotou Research Station and environs (Zhao et al. 1990) 
(A ... 
Research Station. B ... 
Yellow River. C ... Stabilised dunes. D ... Mobile dunes. E ... Baotou-Lanzhou Railway). 
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Figure 2.2 Map of the dune stabilization at Shapotou Research Station. 
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Construction of the Baotou-Lanzhou railway, which crosses 40 km of mobile dunes, was 
hampered by drifting dune sand (Shapotou Research Station 1986; Zhao 1988a). In 
response, the research station was established in spring 1956 (Shapotou Research Station 
1986) to devise appropriate sand control techniques for the protection of the railway from 
drifting and blowing sand. The research station was granted a 100 ha site on the north side 
of the railway, near Shapotou village (Liu et aL 1994) (Figure 2.2). A considerable volume of 
research describing the meteorology, hydrology and vegetation dynamics of dune 
stabilization have since been published (Shapotou Research Station 1986,1988,1991, 
1993). 
2.2.1.1 Climate at Shapotou 
The climate of north-central China is characterised by continentality, but is also affected by 
the East Asian summer monsoon (Walter et aL 1983). From October to May, the Mongolian- 
Siberian high pressure cell brings stable conditions and dry cold weather. With the 
weakening of this anticyclone in spring, winds intensify, resulting in dune sand movement 
and dust generation (Li 1988; Shapotou Research Station 1991). Summers are warm and 
comparatively humid, with predominantly south-easterly winds (Liu et aL 1994). 
Table 2.1 Mean monthly precipitation (mm) and temperature (OC) at Shapotou (1955-1985). 
(Shapotou Research Station 1991). 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total i
mean 
Ppt (mm) 1.2 1.1 4.6 14.5 22.3 23.8 30.0 52.6 23.2 10.9 1.7 0.3 186.2 
T (OC) -6.9 -2.8 4.7 11.6 17.3 22.2 24.3 22.2 16.8 10.1 1.1 -5.0 9.7 
Records taken at Shapotou since 1955 show a mean annual precipitation of 186.2 mm (s. d. 
74.5 mm), of which 80% falls during the comparatively humid summer months of May to 
September. August alone accounts for almost a third of the annual precipitation total (Zhao 
1988b; Shapotou Research Station 1991) (Table 2.1). 
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Annual precipitation totals closely reflect the extent of the monsoon, which is highly variable. 
Annual precipitation as low as 88 mm (1957) and as high as 304 mm (1958) have been 
recorded (Zhao 1988b; Shapotou Research Station 1991). On average precipitation is 
recorded 51 days a year (Zhao 1988b). Periods of highest rainfall and temperature coincide, 
(Table 2.1), resulting in high potential evaporative losses. The magnitude of individual 
rainfall events is, therefore, significant, as small events result in little residual moisture. At 
Shapotou, rainfall events <10 mm account for 50% of annual rainfall. Events of 10-25 mm 
account for 39.2% and events of 25-50 mm for 6.6%. Rainfall events >50 mm account for 
4.1% of annual rainfall (Zhao 1988b). 
Shapotou experiences cold winters (January mean -6.90C) and warm summers (July mean 
24.3"C), with a mean annual temperature of 9.70C (Liu et a/. 1994) (Table 2.1). The absolute 
recorded maxima and minima are 38.1 and -25.10C, respectively (Liu et aL 1994). The plant 
growing period is 150-180 days, with first frosts usually recorded in late September and last 
in mid-April (Liu et aL 1994). Sand surface temperatures as high as 740C have been 
recorded (Shapotou Research Station 1988; Liu et al. 1994). 
Wind speeds at Shapotou average 2.9 m s-1 (Table 2.2) (Li 1988). However, average wind 
speed does indicate the frequency of deflating winds. From October to May, relatively stable 
atmospheric conditions prevail. During this period, north-westerly winds dominate (Li 1988; 
Liu et aL 1994). These winds intensify during the weakening of the Mongolian-Siberian high 
pressure cell in late spring and give rise to considerable sand movement and dust 
generation. From June to September, winds are predominantly south-easterly (Li 1988; Liu 
et aL 1994), bringing more humid air and rainfall (Table 2.2). Sand moving winds (>5 ms -1 
at 12.5 m), occur between 630 and 1100 h y-1 (Liu et aL 1994). Some 60% of these sand 
moving winds can be accounted for by winds from of N, NNW, NW, WNW and W origin (Li 
1988). The only other significant sand moving winds, accounting for 20% of winds >5 m s-1, 
are ENE and E in origin (Li 1988). These winds occur during the more humid summer period 
(Table 2.2) when sand movement is lower due to greater cohesion of moister sands and 
increased protection afforded by denser vegetation cover. Violent storms, causing extensive 
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damage, have occurred in 16 out of 42 years between 1949 and 1990. A notable storm 
occurred on 5 May 1993, with wind speeds of 25 m s-1 (90 km h-) recorded at Shapotou 
(Zhao 1994). 
Table 2.2 Mean monthly wind velocity (m s-1) and predominant direction at Shapotou (1955- 
1983) (Li 1988). 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean 
V (m S-1) 2,2 2.4 3.0 3.4 3.5 3.4 3.1 3.0 2.8 2.4 2.3 2.2 2.9 
Direcfion NW NW NW NW NW EE ENE E NW NW NW ---- 
Aeolian deposition (at 0.3 m height) measured at Shapotou in 1991 and 1992 averaged 445 
g M-2y-I (Zhang, pers. comm. 1993). Deposition was greatest in late spring. Particularly high 
levels of deposition were recorded in May (Table 2.3). The 207 g M-2 recorded in May 1993 
may be due in part due to an intense dust storm which occurred on 5 May 1993 (Zhao 
1994). 
Table 2.3 Aeolian deposition (g nf 2) at Shapotou 1991-1993 (Zhang pers. comm. 1993). 
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 
1991 84* -- 190* ---- ---- 88* -- ---- 60* ---- 422 
1992 56* 28 96 82 87 40 26 11 29 13 468 
1993 6 33 24 85 207 66 
* Deposition from January 1991 to March 1992 measured quarterly. 
2.2.1.2 Topography of the Shapotou dunes 
The Tengger Desert, at whose south-eastern margin Shapotou is situated, is characterised 
by shifting sand dunes and dried lake basins (Chao and Xing 1982; Walter et aL 1983). The 
dunes at Shapotou are up to 30 m in height and transverse in form (Plates 2.1,2.2), 
migrating south-eastwards in their entirety at a rate of 2-6 m y-1 (Buckley et aL 1986; 
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Berndtsson and Chen 1994; Liu et aL 1994). The dunes form a series of terraces which 
slope towards the Yellow River at Shapotou and typically comprise long gentle windward 
slopes, short steep leeward slopes, with flanks on either side (Plate 2.2). Inter-crest intervals 
vary between 50-150 m (Liu et a/. 1994). Vegetation cover on the mobile dunes is <1% 
(Bemdtsson and Chen 1994). Ground water is found at >80 m depth and is, therefore, 
unavailable to plants (Berndtsson and Chen 1994). Buckley et aL (1986) contrasted the 
dunes at Shapotou with those in central Australia and concluded that one of the reasons 
Shapotou dunes remain unvegetated, whereas those in Australia, with lower annual rainfall 
totals are vegetated, is due to differences in dune form. The transverse dunes at Shapotou 
migrate downwind in their entirety, resulting in surface level fluctuations of 0.4 - 0.6 m y-1 on 
dune flanks, with possibly greater fluctuations on leeward slopes. The central Australian 
dunes are linear in form and sand movement only occurs along ridges without changes in 
dune position, or great fluctuations in surface level (Buckley et aL 1986). 
2.2.1.3 Characteristics of the dune sand at Shapotou 
The dune sand at Shapotou is made up almost entirely of medium-fine sand (50 - 250 
with a clay content of <0.5% (Bemdtsson and Chen 1994; Buckley et a/. 1986; Shapotou 
Research Station 1991). Due to the constantly shifting nature of the Shapotou dunes, the 
chemical and physical properties of the dune sand are generally not affected by landscape 
position and have strong unimodal tendencies (Buckley et a/. 1986). As is common in many 
dunes of low silt and clay content, the bare dunes retain moisture (Walter et aL 1983; Tsoar 
and Moller 1986), resulting in year-round moisture contents of 2-5% below a depth of 0.5 m 
(Zhao 1988b). 
Analysis of Shapotou dune sand revealed it to have a pH of 7.1, with quite low 
concentrations of available nutrients. Particle size analysis of the dune sand revealed very 
low silt and clay content (Table 2.4) (Shapotou Research Station 1986). 
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Table 2.4 Chemical properties and particle size distribution of mobile dune sand (0-100 mm 
depth) at Shapotou (Shapotou Research Station 1986). 
pH om CaC03 
%% 
Available nutdents mg 100 g-I 
NPK 
Particle size distdbution % 
>50 jim 1-50 pm <1 pm 
7.14 0.061 0.019 2.00 1.00 9.80 99.63 0.15 0.21 
2.2.1.4 Dune vegetation at Shapotou 
The vegetation cover of the mobile dunes at Shapotou is extremely sparse (Buckley et ai., 
1986), amounting to <1% cover (Berndtsson and Chen 1994). Occasionally in deeper inter- 
dune depressions, small patches of Artemesia sphaerocephala are present. Caragana 
korshinskii and Calligonum caput-medusae also appear on lower dune flanks (Buckley et al. 
1986). 
2.2.1.5 The dune stabilization process at Shapotou 
To protect the railway from sand encroachment, a procedure for establishing an artificial 
ecosystem on mobile desert dunes has been devised (Zhu et aL 1988). Three integrated 
measures are employed, namely fences, straw checkerboards and planted vegetation (Liu 
1987; Liu et aL 1994). A vital initial stage of dune stabilization is the erection of fences 
which act as windbreaks, preventing the intrusion of dune sand into the stabilized area 
(Watson 1990). Willow fences are planted along the northern margin of the area to be 
stabilized (Plate 2.3) and prove effective in blocking 99.9% of blown sand within a height of 
1m above the surface (Shapotou Research Station 1986). In places, sand binding shrubs, 
such as Hedysarum scoparium and Safix gordejevii, are planted along both sides of the 
fence, forming a living fence. The blocking of moving sand leads to the accumulation of 
sand at the fence (Liu et al. 1994), necessitating regular fence replacement. 
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In the lee of the fences, dunes are planted with half buried straw checkerboards. Locally 
produced wheat or rice straw from the autumn harvest is embedded into the surface of the 
dunes to a depth of 150-200 mm, leaving 100-150 mm protruding above the surface (Plate 
2.4). The straw is planted in a grids of between 1 and 2 M2 (Liu et a/. 1994), at rates of 
between 4.5 -6t ha-1 (Mitchell and Fullen 1994). An area of mobile dunes along the 
northern side of the railway was stabilized using checkerboards in 1956. Subsequently, the 
stabilized area was enlarged in 1964-66 and 1981-82 (Figure 2.2). 
The checkerboards increase the aerodynamic roughness of the dune surface. Liu (1987) 
showed that 1 M2 checkerboards increased surface roughness (ZO) from 0.025 to 8.9 mm. 
This increased roughness reduces surface wind speeds, with wind velocity at 0.5 m on the 
checkerboarded area being only 60% of that on adjacent mobile dunes (Liu 1987). These 
reduced wind velocities lead to a reduction in wind erosion and sand transport (Shapotou 
Research Station 1986). 
The checkerboards, when properly designed and implemented, are effective and rapid 
stabilizers of the dune surface. The checkerboards remain effective for 4-5 years (Fullen 
and Mitchell 1994), allowing time for the establishment of planted vegetation. In areas 
where the introduced plant species are unable or slow to grow (i. e. dune crests, leeward 
slopes), the checkerboards may need periodic replacement (Xu et aL 1982). 
The year following dune stabilization with straw checkerboards, drought and wind resistant 
shrub seedlings are planted (Liu et a/. 1994). After extensive trials of over 150 plant species, 
Artemesia ordosica (Plate 2.5), Hedysarum scoparium (Plate 2.6) and Caragana korshinskii 
(Plate 2.7), were adopted as the main sand stabilizing species (Liu 1987; Shen 1988; Liu et 
al. 1994). Shrubs are planted in rows perpendicular to the dominant wind direction. A variety 
of shrub combinations and densities have been tested (Shapotou Research Station 1991). 
This integrated method of dune stabilization has resulted in the transformation of shifting 
dunes with <1 % vegetative cover to fixed dunes with 30-50% cover (Plate 2.8) (Mitchell 
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Plate 2.3 Willow branch fence along the perimeter of the dune stabilization at Shapotou 
Research Station. 
r. 
Plate 2.4 Straw checkerboard planting at Shapotou Research Station. 
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Plate 2.5 Artemesia ordosica 
Plate 2.6 Hedysarum scoparium Plate 2.7 Caragana korshinskii 
14 
I- ýz tý ,, I 
ýý, 4_1 i, ý, ,ýI 
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and Fullen 1994). The stabilization technique has subsequently been adopted by the 
Railway Forest Farm, ensuring the protection of the railway from drifting sand (Liu 1987). 
2.2.2 Yanchi Research Station 
Yanchi Research Station lies at the south-western edge of the Mu-Us Sandy Land, in the 
northern part of Yanchi County, Ningxia-Hui Autonomous Region (Qui 1993). The research 
base is loGated at 370 55' N, 1070 30' E, at an elevation of -1330 m (Qui 1991) (Figure 2.1). 
The area, in the past, was fertile grassland, but today is characterised by sandy ridges 
separated by vegetated depressions (Mitchell and Fullen 1994) (Plate 2.9). 
The area immediately surrounding the research base (Shabianzi village) has a population of 
-400 (Qui 1993) and consists of grazing land, mobile dunes and dryland farming land. The 
area experienced a reactivation of originally fixed sand dunes in the 1970s, due to over- 
grazing, over-cultivation and excessive collection of firewood (Qui 1993). In 1985, in 
collaboration with the local government, the research station was established on 14.7 ha of 
degraded land to investigate methods of halting the advance of land degradation (Song 
1990). The research station has developed and implemented transferable technology for the 
stabilization of sand dunes and the sustainable use of fragile soils (Qui 1993). 
The 14.7 ha of degraded land (predominantly shifting dune) in the vicinity of the research 
base was fenced in 1987 to exclude grazing and allow the regeneration of planted shrubs, 
such as Safix psammophila, Hedysarum iaeve, Hedysarum scoparium and Artemesia spp. 
(Qui 1993). 
2 2,2.1 Climate at Yanchi 
The limited climatic data (1986-1990), indicates that, whilst temperatures and wind speeds 
at Yanchi are similar to those at Shapotou, annual precipitation totals are greater, averaging 
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Plate 2.9 Semi-stabilized dunes of the Mu-Us Sandy Land, near Yanchi Research Station. 
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288.5 mm compared to -170 mm recorded between 1986-1990 at Shapotou (Li 1993) 
(Table 2.5). 
Table 2.5 Mean monthly climatic data for Yanchi station 1.986-1990 (Qui 1991). 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total- 
Mean 
T (OC) -9.8 -5.6 0.9 9.3 15.9 19.9 22.1 19.7 14.9 8.8 -0.9 -8,11 7.3 Ppt (mm) 5.6 6.9 10.4 12.7 25.7 34.2 49.5 73.0 30.0 19.6 6.6 4.3 288.5 
V (m S-1 ) 2.4 2.3 2.8 4.1 3.6 3.1 3.0 2.7 3.1 2.5 2.2 2.1 2.7 
2.3 FIELD METHODS 
Field research was conducted during the summers of 1993 and 1994. The field methods 
employed Gan be essentially divided into experimental-based and survey-based methods. 
Much of the research was highly interrelated. For example, a field survey at Shapotou, 
which examined the relationship between microphytic crust cover and aspect, also 
examined the relationship between dune surface drying and seedling density. Consequently 
the description of methods employed contain a certain amount of replication and cross 
referencing, although the author has attempted to avoid unnecessary duplication. 
2.3.1 Temporal and spatial pattern of aeolian deposition 
Two experiments were designed and implemented in 1993, to examine the spatial and 
temporal variations of aeolian deposition on stabilized desert dunes. 
2.3.1.1 Study 1: Effect of topography on aeolian deposition. 
To examine topographic variations in aeolian deposition, a transect of dust traps was 
established across a stabilized dune at Shapotou. Aeolian deposition was measured using 
IDRAS dust traps of similar design to the L6bner trap (Steen 1979). The traps consisted of 
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an open cylinder (350 mm high, 250 mm diameter), by which deposited dust was funnelled 
into a polythene bag attached to the base of the trap (Plate 2.10). A transect of five traps 
was established on 19 July 1993, between the crests of two dunes stabilized in 1956 (Figure 
2.3), with traps installed at five topographic positions (crest, leeward slope, hollow, windward 
slope and crest). For standardisation purposes, traps were placed away from the immediate 
vicinity of shrubby vegetation. Deposited dust was recorded monthly by IDRAS staff, from 
August 1993 to August 1994. 
2.3.1.2 Study 2: Effect of topography and vegetation on aeolian deposition. 
A second study was established at both Shapotou and Yanchi to examine the combined 
effect of topography and vegetation on aeolian deposition. A trap was designed which would 
allow collection of deposited dust at near ground level and could remain in the field for an 
entire year without being emptied. Near ground level installation allowed dust deposition to 
be monitored beneath shrubby vegetation. The trap operated on a similar principle to that of 
the marble tray trap (Offer et aL 1992), where dust failing onto a surface of marbles is 
retained. 
The traps consisted of a round tray (200 mm in diameter) containing two layers of smooth, 
cleaned quartz river pebbles of between 20 and 40 mm in diameter (Plate 2.11, Figure 2.4). 
Pebbles were used in preference to marbles, as pebbles were considered less likely to 
attract human interference, whilst providing a similar surface on which dust could settle and 
be protected from deflation. The traps were installed, with the rim of the traps protruding 50 
mm above the dune surface. Displaced sand was removed from the vicinity of the traps. To 
minimise rain splash, a splash guard of wheat straw was placed around the trap (Plate 2.11). 
As rainfall may have resulted in the tray over-filling, small holes were drilled in the base of 
the tray, and a lined collecting vessel attached beneath it, in order that all precipitation and 
sediment deposited during the measurement period was collected (Figure 2.4). 
Total deposition for the recording period could, therefore, be calculated from the weight of 
the retained sample upon drying. 
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Plate 2.10 1DRAS dust trap at Shapotou Research Station (rain-splash can be observed on the side of the trap). 
Figure 2.3 IDRAS dust trap transect at Shyotou Research Station, showing topographic 
location of traps. (Leeward slope angle = 27 , windward slope angle =40) 
Prevailing wind direction 








Plate 2.11 Pebble dust traps at Shapotou Research Station. 
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Ten pebble traps were placed across dune transects at both Shapotou and Yanchi. At 
Shapotou (24 July 1993) paired traps were placed at five dune positions between two dune 
crests (crest, leeward slope, hollow, windward slope, crest) on dunes stabilized in 1981. At 
Yanchi (12 August 1993)! paired traps were installed across an isolated stabilized dune, with 
traps placed at the windward base, windward slope, crest, leeward slope and leeward base. 
At both Shapotou and Yanchi, one of the paired traps was placed underneath a living 
Artemesia ordosica shrub and the other was placed away from the immediate vicinity of 
shrubs. All traps were then left in the field until the following summer. 
2.3.2 Temporal and spatial patterns of 'grey sand' development 
After the stabilization of the Shapotou dunes, an incipient soil or 'grey sand' developed at 
the dune surfaGe. This 'grey sand' Gomprises a mixture of deposited dust, dune sand and 
organic material. Studies were conducted to examine spatial and temporal patterns of 'grey 
sand'thickness and establish to what extent the 'grey sand' influenced dune vegetation and 
dune hydrology. The 'grey sand'was distinguishable from the underlying 'yellow' dune sand, 
both in terms of colour and texture (Plate 2.12). The thickness of 'grey sand' seldom 
exceeded 100 mm and was, therefore, easily determined by excavation with a hand trowel 
and measurement with a tape measure. 
2.3.2.1 'Grey sand'thickness on a dune stabifization chronosequence. 
A study was conducted at Shapotou to examine changes in 'grey sand' thickness with time 
since stabilization. 'Grey sand' thickness was measured on dunes stabilized in 1956,1964 
and 1981. Measurements were taken between 6 and 12 July 1993 at 1m intervals along 
transeGts on undisturbed dune surfaces (predominantly windward slopes and dune hollows). 
At each point, slope, aspect, annual and shrubby vegetation cover, microphytic crust type 
and cover were recorded. Slope and aspect were measured using a clinometer and 
prismatic compass, respectively. A total of 149 observations were made on dunes stabilized 
in 1956, with 143 measurements made on dunes stabilized in 1964 and 1981. 
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Plate 2.12 Profile of stabilized dunes at Shapotou Research Station, showing 'grey sand' 
and underlying dune sand (1956 stabilization). Black line marks transition between 'grey 
sand and dune sand. 
I 
(A... 'grey sand'. B ... dune sand). 
Plate 2.13 1981 stabilized dunes, showing lines of planted shrubs at Shapotou Research 
Station. 
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2.3-2.2 'Grey sand'thickness in relation to topographic position. 
The relationship between dune topographic position and 'grey sand' thickness at Shapotou 
was examined on 22 August 1994. A sequence of two stabilized dunes was chosen as a 
study site. Although it proved difficult to locate a site where the crest and leeward slopes of 
the dune remained undisturbed, a relatively undisturbed sequence of two dunes was located 
in the 1964 stabilization. Each dune was divided into four topographic units (crest, leeward 
slope, windward slope and hollow). Between 72 and 75 measurements of 'grey sand' 
thickness were taken at 1m intervals along string transects positioned on each topographic 
unit. 
2.3.2.3 'Grey sand'thickness in relation to shrub cover. 
The effect of shrub cover on 'grey sand' thickness was examined at Shapotou in 1994 on a 
flat, undisturbed dune surface stabilized in 1981. Dunes stabilized in 1981 were selected, 
because shrubs present were those originally planted (Plate 2.13). On dunes stabilized in 
1964 and 1956, most of the planted shrubs had died and others established, complicating 
the shrub pattern. The chosen site contained parallel rows of Artemesia ordosica, and 
Hedysarum scoparium separated by unvegetated crusted dune surface. Sixty 
measurements of 'grey sand' thickness were made on the unvegetated dune surface. A 
further 60 measurements were made under the planted vegetation, 30 under Artemesia 
ordosica, and Hedysarum scoparium, respectively. All measurements were made at the 
centres of the straw checkerboards. Samples of the dune material (0-25 mm depth) were 
also taken for particle size analysis. 
2.3,2.4 Peddlogical development on a dune stabilization chronosequence. 
To characterise soil development on a chronosequence of dune stabilization, dune surface 
profiles were described at Shapotou. Soil pits were dug (25-27 July 1994) in dune hollows 
and on windward slopes of the mobile dunes, and dunes stabilized in 1981,1964 and 1956. 
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Profile descriptions were made using the Soil Survey Field Handbook (Hodgson 1976) and 
assessments made of surface condition, texture, colour, structure, moisture, porosity, roots 
and the notation of soil horizons. 
2.3.3 'Subterranean dew'studies 
For several days following rainfall event at both Shapotou and Yanchi, the dune surface was 
observed to be moist in the morning. The moist surface appeared noticeably darker than the 
dry surface (Plate 2.14). This moisture evaporated during the day. This phenomena 
persisted for several days following rain. Similar phenomena has been reported in and 
environments by a number of researchers (Gurr et aL 1952; Rose 1968a, b; Mehta et aL, 
1994), who believed it to be a result of water vapour flux driven by the thermal gradients 
which develop under the influence of large diumal temperature fluctuations. Evanari (11971) 
and Noy-Meir (1973) referred to this moisture as 'subterranean dew'. 
2.3.3.1 Measurement of 'subteffanean dewduration. 
Measurements of 'subterranean dew' duration were made at Shapotou in 1994. Firstly, to 
determine whether the presence and intensity of 'subterranean dew' differed between dunes 
stabilized on different dates and to investigate the relationship between 'subterranean dew' 
and dunefield vegetation. Observations of 'subterranean dew' duration were made on 30 
July, 7 August, and 21 August 1994 (Table 2.6). Sites of similar topographic position (lower 
slopes and dune hollows) were selected in each study, on relatively undisturbed 1964 and 
1981 stabilized dune surfaces. One mobile dune site was also chosen. 
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Plate 2.14 Surface drying pattem following 'subterranean dew'at Yanchi Research Station 
(A ... wet surface. B ... dry surface) 
Plate 2.15 String transect for the measurement of 'subterranean dew'duration at Shapotou 
Research Station. 
1*1 
"1 -, .4:, I, IIIý. I ý% "-ý 7-it 
-I, Iý 19 . ý1ý II 
. 01 ý 




Table 2.6 'Subterranean dew, studies: number of observations, observation schedule, 
antecedent precipitation date and depth. 
Date of stabilization 
Date 1964 1981 Mobile Time Time Observation Date and amount (mm) 
n n n Start Finish Interval of previous rainfall event 
30 July 1994 75 67 --- 0900 1700 Half houdy 27 July 1994 46.1 
7 August 1994 75 67 50 0900 1800 Houdy 05 August 1994 34.4 
21 August 1994 
, 
67 75 50 
. 
0700 1600 Houdy 
, 
20 August 1994 6.7 
A string transect fixed by pegs was placed across each site (Plate 2.15). Observations were 
taken directly beneath numbered points positioned at 1m intervals on the transects. The 
time at which the surface beneath the marker appeared dry was recorded. The surface of 
the dunes was very easily disturbed, with the disturbed areas drying more rapidly. Care, 
therefore, was taken to ensure that the surface remained undisturbed at the observation 
points. 
2.3.3.2 Collection of site and vegetation data from 'subterranean dew'studies 
Following observations of 'subterranean dew' duration, site and vegetation variables were 
also recorded at each transect point. Aspect, slope, microphytic crust type and cover and 
seedling density were recorded. These variables were recorded using a 0.01 M2 qu ad rat at 
each transect point. Aspect and slope were measured using a prismatic compass and 
clinometer, respectively. In the third study (21 August 1994) 'grey sand' thickness was also 
recorded at each transect point. 
2.3.4 Effect of 'grey sand' and microphytic crust on evaporation 
M icro-lysi meters were used to study the effect of the 'grey sand' and the microphytic crust 
on evaporation. The validity of any lysimetric method for determining evaporation depends 
on whether the evaporation from the isolated body of soil is essentially the same as from a 
comparable non-isolated body (Boast and Robertson 1982). Several factors will result in the 
lysimeter deviating from reality, such as the cutting of roots, the presence of a water table at 
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the base of the lysimeter, soil disturbance and the conduction of heat by lateral walls (Boast 
1986). Large lysimeters will, therefore, be less effected by disturbance than smaller ones, 
which explains the tendency to use large lysimeters in long term evaporation studies. An 
approach, which deals with the problems of depth and disturbance, is to use lysimeters of 
any size, provided that the evaporation rate is close to that of a comparable in-situ soil. 
Therefore, the use of m icro-lysi meters is limited to short-term studies. Boast and Robertson 
(1982), working on a silty clay loam, found that for evaporation ranging from 2-9 mm d-1, a 
70 mm deep micro-lysimeter was accurate to within 0.5 mm cumulative evaporation for at 
least 1 to 2 days. It seems that sandy soils may have a tendency to deviate more rapidly 
from their natural condition than finer soils. Reynolds and Walker (1984) determined 
evaporation with 200 mm mi cro-lysi meters in an initially 'wet' condition. The sandy loam soil 
deviated by 0.5 mm cumulative evaporation after -2 days, whereas the clay soil took about 
10 days to deviate by a similar amount. 
2.3.4.1 Preparation of micro-lysimeters 
Evaporative loss from three moistened surface types at Shapotou was compared, namely: 
bare sand, microphytic crusted surface and scalped surface, where the microphytic crust 
had been removed. The crusted and scalped samples were taken from dunes stabilized in 
1964. The microphytic crust consisted of an equal mixture of bryophytes and 
cyanobacteria. Triplicate samples were taken for each surface type. All m icro-lysi meters 
were wetted pnor to extraction. In order to wet the soil, an open cylinder (diameter 180 mm, 
height 180 mm) was gently pressed into the surface around the site of the proposed micro- 
lysimeter and filled with clean water. Once the water had infiltrated, the micro-lysimeter (100 
mm high, 113 mm diameter) was gently pressed into the wet surface with a rotating action 
to -20 mm depth. The micro-lysimeter was then filled with water. Once the water had 
infiltrated, the micro-lysimeter was pressed flush to the soil surface. The microphytic crust 
was gently removed from the surface of the scalped treatments. A lid was placed over the 
top of the micro-lysi meters, which were then covered with sand and left overnight (16 hours) 
to equilibrate, The following morning the micro-lysi meters were gently excavated, sealed 
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and transported to the laboratory, where after removing the top lids, they were weighed to 
the nearest 0.01 g. 
2.3.4.2 Measurement of evaporative loss from micro-lysimeters 
The m icro- lysi meters were placed in a tray of sand, with their surfaces protruded just above 
the sand surface. This was to prevent the sides of the micro-lysimeter from heating, which 
would lead to a more rapid deviation from the true field situation (Boast 1986). The 
microlysi meter's were weighed hourly on 25 August 1994 (1000 - 2100 hours) and 26 August 
1994 (0800 - 1800 hours). After each weighing, the micro-lysi meters were returned to the 
sand tray. The tray was placed in direct sunlight in a open courtyard, close to the laboratory. 
2.3.5 Effect of dune surface condition on Infiltration 
Infiltration was measured on crusted surfaces of stabilized dunes at Shapotou on 23 August 
1994. The study intended to discover to what degree the 'grey sand' and microphytic crust 
affected infiltration. An area of undisturbed dunes stabilized in 1964 was chosen for study. 
Seven surface conditions were chosen, to allow comparisons of cyanobacterial and 
bryophyte crusts, fissured and unfissured crusts, crusted and scalped surfaces. A control 
surface of dune sand was also included. 
2.3.5.1 Measurement of infiltration 
The microphytic crust showed a complex spatial pattern, with crust type changing rapidly 
over a relatively short distances (<100 mm). This made the use of large infiltration rings 
impractical, as it was impossible to isolate sufficiently large areas of uniform crust type. As 
there was also the added difficulty of transporting large amounts of water to the field, a 
small cylinder infiltrometer was chosen, consisting of a thin walled tin (72 mm diameter) 
which was gently rotated into the surface to a depth of 30 mm. Some 500 ml of water was 
then slowly added to the tin and the time taken for the water to infiltrate recorded. This 
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process was repeated six times at separate points on all seven surface types. All infiltration 
measurements were positioned on flat surfaces, away from shrubby vegetation. 
2.3.6 Penetrometer resistance of microphytic crusts 
A study was conducted at Shapotou on 12 August 1994 to assess the penetrometer 
resistance of various microphytic crusts. An area of dunes stabilized in 1964 was selected 
and four crust conditions identified, each made up of varying proportions of cyanobacteria 
and bryophytes. Fifty resistance readings were taken on each crust type when dry. A 
Wykeham-Farrance hand-held penetrometer was used to measure the maximum resistance 
before crust rupture. 
2.3.7 Field surveys methods 
Surveys were employed to examine variation in surface condition, vegetation cover and 
composition, 'grey sand' thickness and surface wetness. As well as the spatial variation in 
these properties, the dune stabilization chronosequence at Shapotou allowed these factors 
to be studied over time. At Yanchi, fencing allowed comparisons of grazed and ungrazed 
areas. 
2.3.7.1 The use of transects in surveys 
Transects were used to reduce bias in the location of quadrats and observation points. 
Given the high degree of variability in vegetation cover, 'grey sand' depth, microphytic crust 
cover and surface slope and aspect, transects were important to ensure a representative 
range of observations were made. In many places the surface of the stabilized dunes at 
Shapotou was extremely fragile. Transects helped minimise the extent of disturbance to the 
fragile surface crust by concentrating sampling. Random placement of quadrats and 
observation points would have resulted in disturbance of a larger area of the dune surface. 
In several studies string transects were used. A length of string was marked at 1m intervals 
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and laid across the site in a zigzag pattern anchored with pegs (Plate 2.14). The string 
transects, proved useful when several recordings had to be made at the same point over a 
period of time (Section 2.3.3.1). 
2.3.7.2 The use of quadrats in surveys 
Vegetation, soil and site factors at Shapotou and Yanchi, were characterised using quadrats. 
Quadrats varied in size from 0.01 to 100 M2 in relation to the scale of differentiation in the 
factor being studied. Microphytic crust and annual species were recorded using the smaller 
quadrats (0.01 and 0.1 M2), whilst shrub cover was assessed using the larger quadrats (1 
and 100 M2). Quadrats were positioned along transects, or at randomly generated grid co- 
ordinates. 
2.3.8 Site and vegetation surveys 
2 3.8.1 Survey I., Initial assessment of vegetation and site variables across a dune 
stabilization chronosequence. 
A survey was conducted between 6 and 12 July 1993 to investigate the relationship between 
vegetation cover and time since dune stabilization. Vegetation was characterised using 0.1 
m2 quadrats placed on transects orientated in a N-S direction. Observations were made at 1 
m intervals on dunes stabilized in 1956 (n = 149), 1964 (n = 143) and 1981 (n = 143). 
Stabilization age, aspect and slope were recorded at each point. Aspect and slope were 
measured with a prismatic compass and a clinometer, respectively. Vegetation cover (shrub 
and annual species) was recorded as a percentage. Shrub cover was recorded as the 
percentage cover afforded by living and dead shrubs. As the survey was conducted before 
the bulk of the annual species had germinated, annual species cover was recorded as the 
sum of both living and dead plants. Microphytic crust type and percentage cover were also 
recorded. 'Grey sand' thickness was recorded in the centre of each quadrat. The dune 
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surface (0-50 mm depth) was sampled at every third quadrat. The data obtained from each 
quadrat also allowed the relationships between 'grey sand'thickness, time since stabilization 
(Section 2.3.2.1), 'grey sand'thickness and shrub cover (Section 2.3.2.3), to be assessed. 
2.3.8.2 Survey 2: Assessment of shrub condition across a dune stabilization 
chronosequence. 
Shrub condition on the various stabilized dune surfaces at Shapotou was assessed on 23 
July 1993. Shrub vegetation was assessed using 100 M2 quadrats. These larger quadrats 
enabled a more detailed assessment of shrub conclition. Quadrats were plaGed on dune 
hollows and leeward slopes of the dunes stabilized in 1956 (n = 5), 1964 (n = 8) and 1981 (n 
= 5), and on mobile dunes (n = 5). The species, height and health of every shrub was 
recorded. Shrub condition was categorised according to the percentage of living material on 
a simple sGale from A-E (Table 2.8). 
Table 2.8 Scale for categorising shrub condition. 
Scale Shrub Condition 
A 100% senescence 
B >66% senescence 
C 33- 66% senescence 
D <33% senescence 
E 0% senescence 
2.3.8.3 Survey 3: Detailed assessment of dune vegetation. 
A detailed survey of the dune vegetation at Shapotou was conducted in late July 1994. This 
survey gave the most detailed overview of surface condition, crust composition and non- 
shrub vegetation distribution at Shapotou. Full identification of annual and biennial species 
was made. Microphytic crust composition, cover and surface condition (percent sand, straw 
and 'physical crust) was also assessed. Shrub cover was not measured, although where 
shrub seedlings were observed, they were counted. Aspect and slope were recorded using a 
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prismatic compass and a clinometer, respectively. Data were gathered on dunes stabilized 
in 1956 (n = 16), 1964 (n = 104) and 1981 (n = 49), and on mobile dunes (n = 11). The 
vegetation was assessed using 1 M2 quadrats placed at 5m intervals on transects. The 
survey included all landscape positions, as well as areas which had been disturbed or where 
the checkerboard had been replaced. In this respect, it differed from Surveys 1 and 2, which 
were deliberately situated on less disturbed dune surfaces. 
2.3.8.4 Aspect-microphytic crust interactions 
The effect of slope and aspect on microphytic crust development was examined at both 
Shapotou and Yanchi. This relationship was examined at Shapotou, from data gathered as 
part of the 'subterranean dew' studies (Section 2.3.3). A study at Yanchi was conducted on 
nebkas covered in Nitraria tangitorum (Plate 2.16), located towards the west of the research 
station. These nebkas contained, within a small area, a wide variety of slope and aspect, 
providing an ideal situation for examining the effect of aspect and slope on microphytic crust 
development. Whilst the majority of nebkas had been heavily grazed and possessed only 
very weakly developed microphytic crusts, certain nebkas had been protected from grazing 
and had developed a mature and undisturbed microphytic crust. An undisturbed nebka was 
selected for study and divided into a grid. By random number generation of co-ordinates, 25 
points were selected. At each the point, percentage cover afforded by bryophytes and 
cyanobacteria was recorded using a 0.1 M2 quadrat. Slope and aspect were measured using 
a clinometer and prismatic compass, respectively. 
The relationship between topography and microphytic crusts was further examined at 
Yanchi, using north-south orientated transects placed across smaller topographical 
undulations in areas protected from grazing. Crust type, cover, slope and aspect were again 
recorded. 
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Plate 2.16 Nebkas near Yanchi Research Station. 
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2.3.8.5 A comparison of grazed and ungrazed vegetation 
A survey was conducted at Yanchi in order to examine the effect of grazing on vegetation 
composition. Vegetation composition on either side of a fence constructed in 1987 was 
assessed using fifty 1 M2 quadrats on 8 August 1993. The position of each quadrat was 
selected in relation to the fence line using random number generation with 25 quadrats 
assessed within and 25 outside the protected area. With each quadrat the % cover of each 
vascular plant species was estimated, and the % cover of bryophytes, cyanobacteria, grey 
crust, litter and bare sand. 
2.4 LABORATORY METHODS 
Samples brought to the UK in 1993 and 1994 were analysed at The University of 
Wolverhampton. The particle size distribution of dust and dune sediments was analysed at 
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the Geography Department of The University of Oxford. Laboratory facilities at Shapotou 
and Yanchi Research Stations were limited and laboratory analysis was restricted to 
calculations of bulk density and moisture loss from m icro-lysi meters. All samples were 
obtained with the full permission of IDRAS and with documentation from Academia Sinica. 
2.4.1 Particle size analysis 
The particle size distribution of deposited dust and dune samples was determined using a 
CILAS 1920 Particle Size Analyser at the Geography Department of the University of 
Oxford. Whilst particle size has traditionally been measured by sieving and sedimentation 
techniques (Gee and Bauder 1986), several instruments using light scattering techniques 
have been developed for this purpose (Cooper et aL, 1984). The speed and precision at 
which samples may be analysed by these instruments remains a great advantage over more 
time-consuming techniques. 
2.4.1.1 Sample preparation for particle size analysis 
To break organic bonds between particles, approximately 5g of sample was pre-treated with 
20 ml of 30% hydrogen peroxide (1-1202) and left in a fume cupboard for 16 hours. Oxidation 
was assisted by gently heating the samples at 700C on a hot plate until effervescence 
ceased. The samples were then flushed into beakers with distilled water and placed in an 
oven at 1050C until dry. After Gooling, the sample was brushed out of the beaker and 
bagged. Particles adhering to the beaker were retrieved after loosening with distilled water 
and further brushing, followed by further evaporation at 1050C. 
The samples were then gently broken up in a pestle and mortar. As the CILAS 1920 was 
unable to measure particle diameters >400 /im, samples were passed through a 355 jim 
sieve to remove larger particles. Sediment passing through the sieve was retained for 
analysis. The retained and sieved sediment was weighed to provide a correction factor for 
the <355 jim sample. In practice, little, if any sediment was retained on the 355 jim sieve. 
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2.4.1.2 Measurement of particle size distribution 
Approximately 1g of the prepared sample was suspended in de-aerated distilled water in 
the receptacle of the CILAS 1920 Particle Size Analyser. Particles were then dispersed 
using 30 seconds of ultrasound and adding five drops of the dispersant "Calgon" (sodium 
hexametaphosphate). Results were expressed in terms of the percent finer than thirty size 
classes from 0.7 jim to 400 /im (Table 2.9) and mean particle size diameter (lim). 
The receptacle was then automatically rinsed three times with de-aerated distilled water and 
background measurements checked for stability before the following sample was 
introduced. Output data from the CILAS 1920 was normalised by the inclusion of the >355 
pm fraction, retained on the sieve during sample preparation. 
Table 2.9 CILAS 1920 Particle Size Analyser size classes, showing the typical particle size 
distribution of stabilized dune sand (Shapotou 1956 stabilization). 
Particle Diameter (pm) 





















Particle Diameter (jim) 6 8 10 12 15 18 23 30 36 45 
% of sample finer than 5.3 7.1 9.2 9,6 11.2 12.5 14.6 18.3 20.1 23.4 
Particle Diameter (pm) 56 70 90 110 135 165 210 260 320 400 
% of sample finer than 25.0 32.5 47.2 66.3 75.6 83.9 96.2 99.2 99.9 100 
2.4.2 Bulk density. 
The bulk density of dune surfaces (0-50 mm depth) at Shapotou was measured by drying 
and weighing a sample of known volume. The core method for bulk density estimation was 
used (Blake and Hartge 1986). The core method is only appropriate where the sediment or 
soil is free of stones (Blake and Hartge 1986). A thin walled 100 CM3 metal cylinder (50 mm 
high and 50.5 mm diameter) was used to extract samples. To allow air to escape, a 
perforated lid was placed over one end of the cylinder, which was pushed into the dune 
surface until the sand was flush with the lid. The cylinder was gently excavated and inverted 
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and the sand trimmed to the base of the cylinder. The sample was then bagged. In the 
laboratory, the sample was spread out and air-dried for 48 hours. The air-dried samples 
were then weighed. Sample beulk density (g CM-3) was calculated by dividing sample weight 
by the initial sample volume (Equation 1). 
CM-3 - 
Air-dried sample weight (g) 
(Equation 1) Bulk density g 100 
Bulk density should be calculated after oven drying of the samples at 1050C (Blake and 
Hartge 1986). The oven at Shapotou was unfortunately out of order and samples were air- 
dried. It was felt that the samples were well dried after 48 hours, due to their coarse texture, 
initially dry condition and dry atmosphere. However, it must be borne in mind that bulk 
densities may have been slightly overestimated. 
2.4.3 Cation exchange capacity. 
The cation exchange capacity of samples was determined using a method of Avery and 
Bascomb (1982), as suitable for both calcareous and non-calcareous non-saline soils. 
Reagents: 
Triethanolamine, solution: 90 ml diluted to 1 litre. pH adjusted to 8.1 with 2N HCI 
(approximately 140 ml). Diluted to 2 litres. 
BaClq: 2N (244 g BaC12.2H20 1-1)- 
Buffered Ba 
_reagent: 
equal volumes of the above two reagents. 
MqS04: 0.05N (6.2 gMgS04.7H201-1)- 
hLH4QH: 2N (140 mg 30% w/w NH31-1)- 
E. D. TA spiudon: 0.02N (3.723 g E. D. T. A. (disodium salt) 1-1). 
Indicator Omega chrome black 0.1% (prepared daily). 
All reagents were made up to volume with de-ionised distilled water. 
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Five grams of air-dried <2 mm sieved sample were placed in a stoppered polythene 
centrifuge bottle. The mass of the bottle plus sample was noted (Ml). Two hundred mis of 
buffered BaC12 reagent was then added to the centrifuge bottles and left overnight (16 
hours). The samples were then centrifuged at 1500 rpm for 15 minutes and the supernatant 
liquid discarded, after which 200 ml of distilled water was then added. The sample was then 
broken up by shaking the stoppered centrifuge bottle, and centrifuged again (1500 rpm, 15 
mins). After discarding the supernatant liquid, the mass of the bottle and its contents was 
noted (MA One hundredMIS Of MgS04was then pipetted into the bottles, which were then 
shaken at 5 minute intervals over a2 hour period. The samples were then centrifuged once 
more (1500 rpm, 15 mins) and the supernatant liquid decanted into a stoppered flask. A5 
ml aliquot of this solution was then taken and placed in a 100 ml conical flask, to which 6 
drops of NH40H and 2 drops of indicator were added, giving a purple colour. This was then 
titrated with the E. D. T. A solution. The change in colour from purple through red to blue 
indicated the end point (Titre A, ml). A5 ml aliquot Of M9S04was also similarly titrated 
(Titre B ml). 
A correction was required in order to correct the sample titre (A, ) for the volume of liquid 
retained in the sample after the centrifuging process (Equation 2): 
(Equation 2) 
(Equation 3) 
Al 0 00 + M, - mqý) 
corrected titre (A2) 100 
Cation exchange capacity (me / 100 g-) of the air dried soil =8 (B - A2)- 
The cation exchange capacity was then expressed on the basis of samples dried at a 
temperature of 1050C (Equation 3). In all cases CEC was calculated on the basis of the 
mean of triplicate samples. 
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2.4.4 Organic matter content. 
Loss on ignition as an estimate of organic matter content has been criticised in view of 
structural water losses from clay minerals and the loss Of C02 from carbonates in 
calcareous soils (Ball 1964). Loss on ignition was commonly conducted at 8500C (Avery and 
Bascomb 1982). However, the greatest part of water loss from clay minerals occurs in the 
range 450-6000C, and no loss was found at temperatures between 350-4500C (Ball 1964). 
Davies (1974) showed that carbonates were not destroyed using a 24 hour ignition at 4300C. 
Low temperature ignition (at 3750C) is, therefore, a suitable method for estimating soil 
organic matter (Ball 1964) and was used in the present investigation. 
Samples were first passed through a2 mm sieve. In practice, all the mineral constituents of 
the sand from Shapotou and Yanchi passed through the 2 mm sieve and only larger plant 
roots were retained. Approximately 5g of sieved sample was then placed in pre-weighed 
crucibles and the weight of the sample and crucible noted. The samples were then oven- 
dried for 16 hours at 1050C and re-weighed after cooling in a dessicator. The samples were 
then transferred to a muffle furnace and ignited at 3750C for 16 hours. After cooling in a 
dessicator, the samples were re-weighed. Loss on ignition was expressed as a percentage 
of the air-dried sample (prior to 16 hours at 1050C). In all cases, loss on ignition was 
calculated on the basis of the mean of triplicate samples. 
2.4.5 X-ray Fluorescence Spectrometry 
The elemental composition of deposited dust samples from Shapotou was analysed on a 
semi-quantitative basis by X-Ray Fluorescence Spectrometry (XRF). Samples were 
analysed using a Fisons ARL 8410 X-ray Fluorescence Spectrometer. Dust samples were 
placed under MYLAR film in the ARL cassettes and analysed using the semi-quantitative 
program GEOMYLAR (written by Dr. C. Williams and Mr B. Bucknall, University of 
Wolverhampton). In all cases, elemental concentrations were expressed on the basis of the 
mean of triplicate samples. 
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2.4.6 Thin section micromorphology 
In order to examine in detail the micro-fabric of the surface of the Shapotou dunes, a thin 
section technique was employed. The use of thin sections, allows the microfabric of soils or 
sediments to be studied in their natural undisturbed arrangement (Cady et aL 1986). 
Four Shapotou dune samples were, obtained in 1993, for thin section preparation. Samples 
(0-100 mm) were obtained from hollows of mobile dunes and dunes stabilized in 1956,1964 
and 1981. As the dune surface was coarse and loose, a procedure outlined by Cady et aL 
(1986) for the sampling of loose material was followed. A thin walled cylinder was pressed 
flush to the dune surface and sealed at both ends, before being carefully transported to the 
UK. The lack of stones and coarse roots at the dune surface allowed a relatively undisturbed 
sample to be obtained in this way. 
Although the samples were already in a fairly dry state, the samples were air-dried at 400C 
for 48 hours, and then impregnated in an evacuated chamber with a mixture of epoxy resin, 
hardener, acetone and Orasol blue dye. The Orasol blue dye stained pores and voids 
making them visible under a light microscope. After the resin had set, it became possible to 
remove the samples from their tins without disrupting the sample. The samples were then 
further impregnated and dried at 500C for 24 hours allowing the resin to harden (Cady et aL 
1986). 
Once the sample was successfully impregnated, the process of cutting, polishing, mounting 
and finishing was essentially the same as that used by geologists in the preparation of rock 
samples (Cady et al. 1986). The impregnated and dried samples were cut into vertical 
sections using a diamond saw and then ground to produce a flat surface. The sections were 
then mounted on glass slides and further ground to an approximate thickness of 50 jim, 
which was sufficiently thin to allow light transmission. 
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A number of the thin sections prepared showed large horizontally orientated fissures at a 
depth on 10-30 mm. It was felt that further sampling was required to determine whether 
these fissures were genuine features, or merely artificially created during the process of 
sampling, transportation and preparation. Additional samples were, therefore, obtained in 
the summer of 1994, in a moist condition, giving greater cohesion and ensuring a reduction 
in disturbance during transport and preparation. 
These additional samples were taken from Shapotou dunes stabilized in 1964. The sampling 
cylinders were rotated gently into the surface to -20 mm depth with a rotating action. The 
tins were then gently filled with water. Once the water had infiltrated, the sampling cylinders 
were pressed flush with the surface and covered. The cylinders remained in the field 
overnight, to equilibrate, and were then gently excavated and sealed. In order to examine 
the micromorphology of the dune surface in a wet state, acetone was used to replace water 
in three of the samples. The remaining three samples were air-dried at 400C until moisture 
loss was negligible, to examine dune surface micromorphology in a dry state. Thin sections 
were then prepared as already described and photographed under a light microscope. 
2.4.7 Scanning electron microscopy 
Generally in scanning electron microscope (SEM) examination of' soil or sediment, the 
collected sample is placed on a SEM stud for observation in the laboratory. The orientation 
and spatial relationships between the particles cannot be inferred from the SEM 
observations and aggregates and fragile features may be destroyed during collection and 
transport. A simple technique for examining the micromorphology of loose sandy soils using 
scanning electron microscopy (SEM) was used. As the surface of the stabilized dunes at 
Shapotou is sandy and often dry, it was thought possible that a thin layer of the surface 
material could be removed from the face of an excavated pit and examined under SEM. 
Observations could then be made of the surface particles, aggregates and other 
micromorphological features in the same relative positions as existed in the field. Samples 
were taken from pits dug to examine dune soil profiles (Section 2.3.2.4). 
75 
Aluminium stubs 25 mm in diameter were coated with an adhesive carbon cover slip. The 
stub was clearly marked to indicate orientation. The face of a dug pit was gently brushed, in 
order to clean the pit face, then gently moistened with a fine spray of water to prevent 
crumbling. The stub was then carefully pressed onto the surface of the exposed pit face. A 
single layer of particles and aggregates adhered to the stud. Samples were taken at 25 mm 
depth increments from the different stabilized dune surfaces and stubs placed in a specimen 
box. On return to the UK, the surface of the stubs were gold plated on an Enscope SC500, 
to increase electrical conductivity and prevent particle agitation when scanning. The stud 
was then scanned by a Philips SEM 515 and photographed. 
This method of obtaining dune sand samples for SEM scanning allowed the observation of 
micromorphological features as they would occur in the field. The simplicity and speed of 
this technique made for easy operation and repeatability. However, given the nature of 
sample preparation, particles and aggregates were occasionally held rather tenuously to the 
stud, which resulted in a lack of electrical conductivity with the stud. This resulted in some 
particles becoming electrically charged and agitated under the SEM. 
2.5 DATA ANALYSIS 
2.5.1 Determining the nature of the relationship between two variables 
The nature and strength of the relationship between variables measured was computed 
through the use of regression and correlation techniques, using the computer package 
Microsoft Excel. Regression analysis determines the average relationship between the two 
variables, allowing an estimation of the mean value of a dependent variable for any given 
value of the independent variable. Data was plotted graphically in Microsoft Excel, after 
which a regression line was plotted and an equation calculated which best described the 
relationship between the two variables. Linear regression lines were used (least-squares 
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regression , unless the plotted data appeared to indicate that a non-linear relationship 
existed between the data. 
Where regression analysis was used to describe the nature of the relationship, the 
coefficient of determination (ý) was determined to assess the strength of the relationship 
between the variables. The coefficient of determination (ý) can be interpreted as the 
proportion of the variance in y attributable to the variance in x. The significance of the ý 
value was also tested, using the t statistic, to assess whether, for a given sample size, the 
correlation coefficient could be derived by chance. 
2.5.2 Detecting significant differences between two sample means 
It often proved necessary to determine whether two samples of the same phenomena were 
derived from the same parent population. The Nest was used in order detect significant 
differenGes between two sample means. Again, the computer package Microsoft Excel was 
used to process data. 
2.5.3 Analysis of species-environment interactions by canonical correspondence analysis 
An assessment of the interactions between species distribution and environmental factors at 
Shapotou (Section 2.3.8.3) was attempted using canonical correspondence analysis 
(CANOCO). The availability of the computer program CANOCO (ter Braak 1988) has 
greatly aided the application of this technique (Kent and Coker 1994). Canonical 
correspondence analysis is an ordination technique. Ordination (in the analysis of vegetation 
sample data) is essentially a 'placing in order' of samples, so that the most different are at 
the extremes, and average samples are in the middle. It is the species lists and the 
quantities of each species within a sample which are used to establish the ordination, but 
the order, or ordination axis is determined by some environmental gradient. Ordination is 
essentially an exercise in examining relationships between species distribution and the 
distribution of associated environmental factors and gradients (Kent and Coker 1994). Most 
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ordination techniques are indirect, in that analysis is performed on species data alone. 
Interpretations are made by the superimposition of environmental data on the ordination 
axes, and patterns and correlations within the data observed. Canonical correspondence 
analysis differs from most other ordination techniques, in that the correlation and regression 
between floristic and environmental data is incorporated into the ordination analysis itself 
(Kent and Coker 1994). In the computer program CANOCO, the addition of the 
environmental factors to plots of species ordination, is used to generate a 'biplot' (Figure 
2.5). 
The biplot in Figure 2.5, shows species represented by points and environmental variables 
by arrows. The arrow lengths are proportional to their magnitude of change in that direction 
and can be extended back through the origin. The two axes represent the two strongest 
ordination axes in the data, and combine the effects of the species differences and the 
environmental factors included in the analysis. The direction of the arrows illustrates the 
strength of the relationship of the environmental factor within the two axes. Long arrows are 
more closely correlated in the ordination than short arrows. Similarly the position of a 
species is plotted on the biplot from its position on the two axes. Individual species may be 
related to arrows representing environmental factors by drawing a perpendicular line from 
the arrow up to the point. The order in which the points project on the arrow, from its tip 
backwards through the origin, is an indication of the position of that species in relation to the 
environmental variable represented by the arrow. 
Species with perpendicular projections close to or beyond the tip of the arrow, will be 
strongly positively correlated with and influenced by the arrow. Those at the opposite end 
are less strongly affected (Kent and Coker 1994). For example, in the selected Dartmoor 
vegetation data presented (Figure 2.5), bog species such as Tricophorum cespitosum and 
Carex nigra, are, therefore, highly correlated with soil depth, high pH, high soil moisture and 
low slope angle and low grazing (Kent and Coker 1994). 
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Figure 2.5 Species-environment biplot from canonical correspondence analysis (CANOCO) 
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The results presented in the following chapter are inter-rellated and clear boundaries 
between sets of experimental data often difficult to define. For the sake of clarity, the 
following results have been divided into sections where important elements of the research 
can be presented. Initially data pertaining more specifically to the physical dynamics of dune 
stabilization are presented, followed by data more relevant to the vegetation dynamics of 
dune stabilization. 
3.2 PATTERN AND COMPOSITION OF AEOLIAN DEPOSITION AT SHAPOTOU. 
On returning to the field stations in 1994, it was found that all pebble traps installed at 
Shapotou and Yanchi (Section 2.3.1.2) had been removed or disturbed, thus yielding no 
data. However, monthly deposition data were obtained from the IDRAS trap transects 
(Section 2.3.1.1). 
3.2.1 Aeolian deposition 
In August 1994, rain-splash appeared to have entered the IDRAS traps (Plate 2.10). 
Deposition recorded in August 1994 was considerably heavier and coarser than deposition 
at other times, containing 73% sand (Table 3.2), indicating the possibility of rain-splash 
contamination. A similar pattern was seen in the August 1993 deposition (Table 3.2). Data 
from both months was, therefore, excluded from the following analysis, which is expressed 
upon the basis of deposition recorded between September 1993 and July 1994. 
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Deposition between September 1993 and July 1994 averaged 318 g M-2 (Table 3.1). 
Deposition varied considerably between traps. High deposition was recorded in the leeward 
slope (506 g M-2 ) and dune hollow traps (455 g M-2) . 
Less deposition was recorded in the 
windward slope (201 g M-2 ) and dune crest traps (263 and 164 g M-2). 
Increased rates of deposition occurred between February and July 1994, with heaviest 
deposition (74 gm -2 ) recorded in May 1994. Deposition between September 1993 and 
January 1994 was lighter (Table 3.1, Figure 3.1). The pattern of deposition exhibited in the 
leeward slope and dune hollow traps differed from that exhibited in other traps. These two 
traps (Traps 2 and 3) showed a pronounced deposition peak in May 1994 and a lower peak 
in March 1994. These same peaks were not evident in other traps (Traps 1,4 and 5), where 
the elevated rates of deposition between February and July 1994 appeared fairly uniform 
(Table 3.1. Figure 3.1). 
Table 3.1 Monthly dust deposition (g fn72) at Shapotou (August 1993 - August 1994). 
Month Trap 1 Trap 2 Trap 3 Trap 4 Trap 5 Mean Monthly 
Crest 1 Leeward Hollow Windward Crest 2 Deposition 
August 1993 89 54 54 30 51 55.6 
September 1993 10 24 24 8 6 14.4 
October 1993 4 7 6 3 4 4.8 
November 1993 6 16 12 5 5 8.8 
December 1993 9 22 14 7 5 11.4 
January 1994 7 14 10 4 2 7.4 
February 1994 38 49 40 20 15 32.4 
March 1994 41 73 63 24 18 43.8 
April 1994 38 45 45 30 24 36.4 
May 1994 39 135 125 39 30 73.6 
June 1994 34 72 67 34 27 46.8 
July 1994 37 49 49 27 28 38.0 
August 1994 135 107 77 42 51 82.4 
Total (08193-08194) 487 667 586 273 246 455.8 
Total (09/93-07/94) 263 506 455 201 164 317.8 
Data in italics considered to be affected by rain-splash. 
3.2.2 Particle size distribution of deposited dust 
The particle size distdbution of deposited dust samples was determined (Section 2.4.1). 
Monthly deposition was recorded by IDRAS staff and samples bulked. The August 1993 
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sample was bulked with samples from September to December 1993 (Table 3.2). The 
inclusion of the possibly rain-splash affected August 1993 sample appears to have altered 
the mean particle size of the bulked sample. Consequently, the August - December 1993 
sample and the August 1994 sample were excluded from the following analysis (Section 
2.4.1). 
Dust considered free of rain-splash (January - July 1994) had a mean particle size diameter 
(psd) of 52.9 pm, and contained 3.4% clay (<2 /im), 51.3% silt (2-56 pm)l and 45.3% sand 
(>56 /im) (Table 3.2). In all traps, deposition between January and March 1994 was finest 
with a mean pscl of 38.8 pm. Deposition between April and June 1994 and in July 1994 was 
coarser, with a mean psd of 53.2 and 74.8 lim, respectively (Table 3.2). The texture of the 
deposited dust varied considerably between traps. Deposited dust was coarsest (mean psd 
70.2 jim) in the dune hollow trap and finest (mean psd 42.9 jim) in the windward slope trap 
(Table 3.2). Heavier deposition appeared to be coarser textured, with a significant negative 
correlation (r2= -0.73, p <0.01, n =10) between mean monthly deposition and percentage 
fines (<56 /im) (Figure 3.2). 
Figure 3.2 Plot of fine fraction (<56 lim) of deposited dust samples (January - June 1994) 
















y= -0.1 40x + 76.30 
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1 Particle size analysis of dust and dune samples was determined on a CILAS 1920 Particle Size Analyser. 56 Ym was 
used as an arbitrary dividing line between coarse and fine particles and is close to commonly used dividing lines between 
sift and sand sized particles of 50,60 and 63 pm. The sift fraction referred to in Chapters 3 and 4 refers to the fraction of 
the sample between 2 and 56 pm. The fine fraction (<56 /im) includes both sift and clay (Section 2.4.1). 
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Table 3.2 Particle size distribution of deposited dust at Shapotou (August 1993 - August 
1994). 








1 Crest 08-121993 2.0 36.7 61.3 94.4 
01 -031994 3.7 58.5 37.8 40.9 
04-061994 3.6 51.4 45.0 48.0 
071994 2.4 39.0 58.6 75.9 
081994 1.3 15.7 83.0 156.0 
01-071994 3.5 52.0 44.5 49.8 
2 Leeward 08-121993 2.5 49.8 47.7 53,3 
01 -031994 3.5 57.1 39.4 44.5 
04-061994 2.9 44.6 52.5 59.9 
071994 2.7 45.4 51.9 58.8 
081994 1.9 22.1 76.0 94,9 
01 -071994 3.1 48.6 48.3 64.9 
3 Hollow 08-121993 2.8 48.8 48.4 53.8 
01-031994 3.2 49.6 47.2 51.4 
04-061994 2.7 36.2 61.1 78.5 
071994 2.4 40.4 57.2 69.3 
081994 1.8 28.0 7o. 2 102.6 
01-071994 2.8 40.3 56.9 70.2 
4 Windward 08-121993 3.0 57.2 39.8 43.9 
01-031994 4.6 70.9 24.5 29.9 
04-061994 3.6 62.0 34.4 36.5 
071994 2.3 34.9 62.8 90.3 
081994 1.9 31.0 67.1 101.5 
01 -071994 3.7 60.3 36.0 42.9 
5 Crest 08-121993 2.6 47.6 49.8 55.7 
01-031994 5.0 73.1 21.9 27.1 
04-061994 3.9 53.6 42.5 43.2 
071994 2.6 38.5 58.9 79.8 
081994 1.7 28.4 69.9 111.8 
01-071994 3.9 55.3 40.8 46.5 
Means Mean 08-121993 2.6 48.0 49.4 60.2 
Mean 01 -031994 4.0 61.8 34.2 38.8 
Mean 04-061994 3.3 49.6 47.1 53.2 
Mean 071994 2.5 39.6 57.9 74.8 
Mean 081994 1.7 25.0 73.3 113.3 
Mean 01-071994 3.4 51.3 45.3 52.9 
Data in ftafics considered affected by rain-splash. 
3.2.3 Elemental rornposition of deposited dust. 
The elemental composition of deposited dust at Shapotou was determined by X-ray 
fluorescence spectrometry (Section 2.4.5). Generally elemental composition varied only 
slightly between traps, although zinc, sulphur and to a lesser extent copper, showed 
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considerably higher concentrations in the crest and windward slope traps (Traps 1,4 and 5) 
(Table 3.3). 
The relationships between the elemental content of the deposited dust (January - June 
1994) and mean particle size and deposition total was calculated. Silicon alone showed 
significant positive correlations with dust deposition (ý = 0.52, p <0.05, n= 10) and mean 
particle size (ý = 0.42, p <0.05, n= 10). This would appear to be in response to the 
increasing sand percentage in the deposited dust. Most elements were negatively correlated 
to mean particle size and dust deposition, with a number showing significant correlations 
(Table 3.3). Of the major elements, calcium (ý = 0.74, p <0.01, n= 10) and iron (ý = 0.82, 
p <0.001, n= 10), showed particularly strong negative correlations with mean particle 
diameter (Table 3.3, Figure 3.3). 
Table 3.3 Elemental composition of deposited dust at Shapotou (January - June 1994). 
Major Elements Al Ca Fe K Mg Mn Na P Si Mean PSD Deposition 
% % % % % % % % % Pm g M-2 
Crest 1 Jan-Mar 94 5.70 5.29 3.18 1.78 2.11 0.06 1.61 0.11 25.4 40.9 86 
Leeward Jan-Mar 94 5.27 4.85 3.10 1.71 1.87 0.05 1.37 0.09 24.8 44.5 136 
Hollow Jan-Mar 94 5.11 4.13 2.90 1-69 1.73 0.05 1.22 0.08 24.5 51.4 113 
Windward Jan-Mar 94 5.58 5.51 3.52 1.93 1 ý99 
0.06 1.62 0.11 24.3 29.9 48 
Crest 2 Jan-Mar 94 5.56 5.67 3.66 1.89 2.08 0.06 1.90 0.09 23.9 27.1 35 
Crest 1 Apr-Jun 94 5.83 4.01 3.15 1.93 2.09 0.06 1.63 0.10 24.8 48.0 ill 
Leeward Apr-Jun 94 5.41 3.87 2.93 1.70 1.82 0.05 1.26 0.08 25.9 59.9 252 
Hollow Apr-Jun 94 5.17 3.37 2.81 1.65 1.73 0.05 1.37 0.07 25.2 78.5 233 
Windward Apr-Jun 94 4.67 4.64 3.33 1.67 1.72 0.06 2.36 0.11 23.6 36.5 103 
Crest 2 Apr-Jun 94 5.46 3.91 3.24 1.78 1.99 OD6 2.60 0.09 24.1 43.2 81 
r2 Deposition 0.07 0.56* 0.69- OAT 0.35 059- 0.25 0.44' 
r2 mean PSD 0.04 0.77* 0.80- 0.37 0.30 0.52* 023 0.56* 0.42* 
Minor elements CO Cr Cu No Ni Rb S Sc Sr v Zn Zr 
ppm ppm ppm ppm PPM ppm ppm ppm ppm PPM PPM PPM 
Crest 1 Jan-Mar 94 17.4 80.1 50.5 14.6 42.0 Ill 1471 13.1 281 85.3 1203 326 
Leeward Jan-Mar 94 15.0 70.6 44.6 16.4 41.9 118 1540 16.1 290 82.2 1061 369 
Hollow Jan-Mar 94 15.0 66.3 42.4 13.7 42.5 107 1415 11.8 249 76.1 976 270 
Windward Jan-Mar 94 17.2 85.0 66.8 14.3 47.3 103 2247 15.3 311 88.6 1977 345 
Crest 2 Jan-Mar 94 16.5 81.3 74.5 14.3 51.9 100 3242 17.7 328 88.8 2546 316 
Crest 1 Apr-Jun 94 16.6 87.4 76.2 16.9 114 115 1413 13.9 261 78.1 2667 322 
Leeward Apr-Jun 94 15.0 82.9 45.8 17.4 41.3 126 860 13.1 260 76.9 1134 328 
Hollow Apr-Jun 94 15.3 70.6 41.8 15.3 40.1 118 739 11.3 245 73.8 817 284 
Windward Apr-Jun 94 17.0 8&0 68.6 12.8 49.2 87 1170 13.9 234 88.8 5225 310 
Crest 2 Apr-Jun 94 15.6 81.4 66.9 15.0 46.0 108 1498 14.4 248 81.9 2038 282 
r2 Deposition 0.41* 0.09 0.45* 0.31 0.55' 0.46 v 
* 
0.61- 0.38 0.27 0.59ý' 0.15 0.01 
r2 mean PSD 0. AY 0.24 0.45' 0.19 0.64** 0.42 0.61- 0.60- 0.37 0.82- 025 0.14 
Data in bold indicates positive correlations (* p <0.05, ** p <0.01, *** p <0.001) 
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Figure 3.3 Plot of calcium and iron concentrations against mean particle size in deposited 
dust at Shapotou (January - June 1994). 
6- 
Y= -0.0474x + 6.8502 
0- r2 = 0.774 
c 5- 0 irý 
y= -0.01 67x + 3.9627 (D 









0 10 20 30 40 50 60 70 80 
Mean particle size diameter of deposited dust (Ii m) 
3.3 'GREY SAND'THICKNESS AND TEXTURE 
3.3.1 'Grey sand'thickness across a dune stabilization chronosequence 
One of the most striking Gonsequenres of dune stabilization at Shapotou was the 
development of a finer, largely dust-derived surface covering of 'grey sand', overlying the 
dune sand. The dune stabilization chronosequence of 37 years enabled temporal and spatial 
variations in 'grey sand'thickness; to be investigated (Section 2.3.2). 
'Grey sand' thickness was measured on the windward slopes and hollows of mobile and 
stabilized dunes, where it thickened at rates between 1.30 and 1.87 mm y-1 (Table 3.4, 
Appendix 1). The mean thickness of the 'grey sand' layer was considerably greater on dunes 
stabilized in 1956 (58.1 mm) and 1964 (54.3 mm), than on dunes stabilized in 1981 (15.5 
mm). The increase in 'grey sand' thickness between 1964 and 1956 stabilizations was not 
significant (Table 3.4). 
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Table 3.4 'Grey sand'thickness on a chronosequence of dune stabilization at Shapotou. 
Year of stabilization nI Mean 'grey sand'thickness S. E I Rate of thickening 
(mm) (mm V-1 ) 
Mobile dunes 30 Oa 0 ---- 
1981 143 15.5 b 1.3 1.30 
1964 143 54.3c 2.0 1.87 
1956 149 58.1 c 2.4 1.57 
Values followed by the same superscript are not significantly different at p <0.05 
Year t d. f p 
1981 v 1964 15.39 284 <0.001 
1981 v 1956 16.62 289 <0.001 
1964 v 1956 1.57 
_289 
n. s 
3.3.2 Effect of shrub cover on 'grey sand'thickness and texture 
Shrub cover strongly influenced 'grey sand' thickness. On dunes stabilized in 1981, 'grey 
sand'thickness and shrub cover were significantly correlated (ý = 0.274, p <0.001, n= 143) 
(Figure 3.4, Appendix 1). Interestingly, the same relationship was not significant on the 
dunes stabilized in 1964 (ý = 0.005, p=n. s, n= 143) and 1956 (ý = 0.004, p=n. s, n= 
149). A plausible explanation is that on dunes stabilized in 1981, most shrubs are those 
originally planted, whereas on the older stabilizations (1964 and 1956), most of the planted 
shrubs had died and new shrubs have been established on more favourable sites (Shen 
1988). The relationship between shrub Gover and 'grey sand' thickness on the older 
stabilizations is therefore more complex. 
Figure 3.4 Plot of 'grey sand"thickness against shrub cover at Shapotou (1981 stabilized 
dunes). 
(n 50- U) y=0.405x + 6.333 4) 
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A direct comparison was made between the thickness of 'grey sand' on bare and shrub 
covered surfaces on dunes stabilized in 1981. 'Grey sand'thickness was significantly thicker 
beneath shrubs (mean = 32.2 mm) than at the bare surface (mean = 13.3 mm) (Table 3.5, 
Appendix 2). 'Grey sand' beneath Hedysarum scoparium was significantly thicker than that 
beneath Artemesia ordosica. Analysis of dune surface samples (0-25 mm) revealed the bare 
surface to be significantly finer (mean psd = 92.5 jim) than the shrub covered surface (mean 
psd = 122.0 jim). The texture of the 'grey sand' did not differ significantly beneath the two 
shrub species Hedysarum scoparium and Artemesia, ordosica, (Table 3.5, Appendix 3). 
Table 3.5 'Grey sandthickness and texture (0-25 mm) on bare dune surfaces and under 
shrubby vegetation at Shapotou (1981 stabilized dunes). 
Surface 'Grey sand'thickness 
(MM) 
n S. E PSD 
(UM) 
n S. E 
Bare 13.3a 60 0.4 92.55 20 3.5 
Artemesia ordosica 27.3 
b 30 1.7 121.0 b 10 2.5 
Hedysarum scoparium 37.00 30 1.4 . 
12 .8b 
10 3.1 
Values within the same column followed by the same superscript are not significantly different at p <0.05. 
Surface t d. f p 
H. scopaiium v A. ordosica 3.16 58 <0.01 
Bare v A. ordosica 8.04 88 <0.001 
Bare v H. scoparium 16.00 88 <0.001 
3.3.3 Effect of dune topography on 'grey sand'thickness 
A study was conducted on two adjacent dunes, stabilized in 1964, to investigate the effect of 
dune topography on 'grey sand'thickness. Topographic position strongly affected 'grey sand' 
thickness. 'Grey sand' in dune hollows (mean = 35.4 mm) and on the windward slopes 
(mean = 33.7 mm) was significantly thicker than on the crests (mean = 20.3 mm) and 
leeward slopes (mean = 19.3 mm) (Table 3.6, Appendix 4). As these means are based on 
measurements taken from only two dunes, they should not be considered as an absolute 
means for the Shapotou dunes stabilized in 1964, but rather as incliGating the general trend 
of 'grey sand' thickness with topographic position. 
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Table 3.6 'Grey sand' thickness at selected topographic positions across a transect of two 
dunes at Shapotou (1964 stabilized dunes). 
Dune Dune Position n Mean 'grey sand'thickness S. E 
(mm) 
1 Crest 75 15.6 0.92 
Leeward Slope 75 19.8 1.28 
Hollow 74 43.0 3.35 
Windward Slope 75 33.0 1.81 
2 Crest 72 25.2 1.76 
Leeward Slope 59 18.9 0.90 
Hollow 75 27.8 1.35 
Windward Slope 75 34.4 2.21 
Mean Crest 147 20.3a 0.72 
Leeward slope 134 19.3a 0.57 
Hollow 149 35.4" 1.19 
Windward slope 150 33 . 7" 1.11 Values within the same column followed by the same superscript are not significantly different at p <0.05 
3.4 DUNE SURFACE PROPERTIES (0-50 mm) 
Samples of the surface 50 mm from both mobile dune and dunes stabilized in 1981,1964 
and 1956 at Shapotou were collected and particle size distribution, bulk density, cation 
exchange capacifty and loss on ignition determined (Sections 2.4.1-2.4.4, Appendix 5). 
3.4.1 Bulk density 
The bulk density of the surface 50 mm declined with time since stabilization (Table 3.7, 
Appendix 5). Mean bulk density decreased significantly (p <0.001) with time since 
stabilization, from 1.58 g M-2 on the mobile dunes to 1.42 g M-2 on dunes stabilized in 1981. 
Bulk density decreased further (p <0.001), though less markedly to 1.35 g M-2 on the dunes 
stabilized in 1964. No significant difference in bulk density between the 1964 and 1956 
dunes was found (Table 3.7). It must be emphasized that these values refer only to the bulk 
density of the uppermost 50 mm and not to the bulk density of the 'grey sand'. As 'grey 
sand' thickness increased with time since stabilization (Table 3.4), mobile dune samples 
represent 100% dune sand, whereas the 1981,1964 and 1956 samples represent an 
increasingly smaller fraction of dune sand. 
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Table 3.7 Bulk density of dune surface samples (0-50 mm) at Shapotou. 
Year of stabilization n Mean Db S. E 
(9 cm-) 
Mobile dunes 10 1.59a 0.013 
1981 46 1.42" 0.008 
1964 45 1.35c 0.007 
1956 48 1.36c 0.008 
Values followed by the same superscript are not significantly different at p <0.05 
Year of stabilization t V p 
Not stabilized v 1981 16.07 85 <0.001 
Not stabilized v 1964 79.42 86 <0.001 
Not stabilized v 1956 83.02 86 <0.001 
1981 v 1964 5.49 93 <0.001 
1981 v 1956 5.51 93 <0.001 
1964 v 1956 0.34 94 n. s 
3.4.2 Organic matter content 
The organic matter content of the surface 50 mm increased significantly with time since 
stabilization. Organic matter increased steadily from 0.26% on the mobile dunes to 1.17% 
on the dunes stabilized in 1956 (Table 3.8, Appendix 5). 
Table 3.8 Loss on ignition (%) of dune surface samples (0-50 mm) at Shapotou. 
Year of stabilization n Mean loss on ignition S. E 
Mobile dunes 10 0.28a 0.014 
1981 46 0.56" 0.024 
1964 44 0.920 0.042 
1956 46 1.13 d 0.047 
Values followed by the same superscript are not significantly different at p<0.05. 
Year stabilized t V p 
Not stabilized v 1981 10.2 54 <0.001 
Not stabilized v 1964 14.5 52 <0.001 
Not stabilized v 1956 17.2 54 <0.001 
1981 v 1964 7.4 88 <0.001 
1981 v 1956 10.7 90 <0.001 
1964 v 1956 3.3 88 <0.01 
3.4.3 Particle size distribution 
The surface 50 mm became significantly finer with time since stabilization (Table 3.9, 
Appendix 5). Mean particle size diameter decreased significantly and the fine fraction (<56 
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increased significantly with time since stabilization. The fine fraction (<56 pm) 
increased from 2.31% in the mobile dune samples to comprise 28.34% of the 1956 
stabilized dune samples (Table 3.9). 
Table 3.9 Particle size distribution of dune surface samples (0-50 mm depth) at Shapotou. 
Year of 
stabilization 
n Mean PSID 
0im) 
S. E Clay % 
L<2 pm) 
S. E Fines (0/6) 
(<56 pm) 
S. E 
Mobile dunes 9 a 189.97 2.41 0.41 a 0.01 2.31 a 0.18 
1981 46 164.07 b 2.50 0.89b 0.03 11.88b 0.64 
1964 45 125.13c 4,03 1.52r' 0.06 25.44c 1.21 
1956 46 121.52c 3.93 1.76" 0.06 28.34 cl 1.13 
Values within the same column followed by the same superscript are not significantly different at p <0.05. 
Particle size fraction Year of stabilization tV 
Fines (<56 pm) Mobile v 1981 6.26 54 <0.001 
Mobile v 1964 12.91 53 <0.001 
Mobile v 1956 15.73 54 <0.001 
1981 v 1964 9.75 89 <0.001 
1981 v 1956 13.33 90 <0.001 
1964 v 1956 2.89 89 <0.01 
3.4.4 Cation exchange capacity 
The cation exchange capacity of the surface 50 mm was determined on bulked samples 
(Table 3.10, Appendix 6). All calculated cation exchange capacities were very low. Cation 
exchange capacity increased very slightly upon stabilization from 5.3 me (100g)-l for the 
mobile dunes, to 6.4 me (100g)-l for the 1956 stabilization, although no significant 
differences were found between the bulked samples. 
Table 3.10 Cation exchange capacity of dune surface samples (0-50 mm) at Shapotou. 
Year of stabilization n CEC (me (100 g)-' ) SE 
Mobile dunes 5 5.3 0.94 
1981 5 5.4 0.75 
1964 5 6.6 0.96 
1956 5 6.4 0.76 
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3.4.5 Correlations of measured dune surface properties 
The relationships between bulk density, organic matter and the fine fraction (<56 pm) of the 
dune surface samples (0-50 mm) were determined. No significant correlations were found 
between these three properties in mobile dune samples (Table 3.11). Samples from the 
stabilized dunes revealed significant positive correlations between all three properties. 
Table 3.11 Correlation (ý) of sampled dune surface (0-50 mm depth) properties. 
Properties Correlated Year of stabilization 
Mobile dunes 1981 1964 1956 
r. 2 n r2 n n r' n 
Db v >56 pm 0.03 9 -0.38** 46 -0.32* 45 -0.55*** 46 
LOI v >56 pm 0.60 9 0.49** 46 0.75*** 45 0.55*** 46 
Db v LOI -0.23 40 -0.70*** 47 -0.32* 44 -0.65*** 47 
*p <0.05, ** p <0.01 ,, p <0.001 
3.5 'SUBTERRANEAN DEWSTUDIES 
Following the nocturnal wetting of the dune surface by 'subterranean dew', the pattern of 
subsequent surface drying was investigated on mobile dunes and dunes stabilized in 1981 
and 1964 on three days (28 July, 7 August and 21 August 1994) (Section 2.3.3). Antecedent 
rainfall for the 48 hours prior to the study totaled to 46.1 mm, 34.4 mm and 7.6 mm for 28 
July, 7 August and 21 August, respectively. 
3.5.1 Paftem of surface drying. 
Drying proceeded most rapidly on mobile dunes and most slowly on the dunes stabilized in 
1964 (Tables 3.12-3.14, Figures 3.5-3.7, Appendix 7). At all times, the surfaces of dunes 
stabilized in 1964 were wetter than the surfaces of dunes stabilized in 1981, which in turn 
were wetter than the mobile dune surfaces. The 1964 stabilized dune never completely 
dried during the periods of observation on the three days and at 1800 on 7 August, the 1964 
stabilized dune surface was only 55% dry (Table 3.13). 
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Table 3.12 Hourly measurements of dune surface drying (28107194). 
Time Dry dune surface 
28/07/94 1981 stabilization 1964 stabilization 
0900 35.8 12.0 
1000 55.2 16.0 
1100 70.2 22.7 
1200 85.1 30.7 
1300 91.0 37.3 
1400 97.0 52.0 
1500 98.5 66.7 
1600 100.0 76.0 
(n=67) (n=75) 
Table 3.13 Hourly measurements of dune surface drying (07108194). 
Time Dry dune surface 
07/08/94 Mobile dunes 1981 stabilization 1964 stabilization 
1000 82.0 28.4 17.3 
1100 90.0 35.8 20.0 
1200 100.0 46.3 30.7 
1300 100.0 59.7 32.0 
1400 100.0 74.6 34.7 
1500 100.0 85.1 37.3 
1600 100.0 88.1 41.3 
1700 100.0 91.0 41.3 
1800 100.0 91.0 41.3 
1900 100.0 94.0 54.7 
(n=50) (n=67) (n=75) 
Table 3.14 Hourly measurements of dune surface drying (21108194). 
Time Dry dune surface 
21/08/94 Mobile dunes 1981 stabilization 1964 stabilization 
0800 100.0 78.7 23.9 
0900 100.0 86.7 29.9 
1000 100.0 92.0 41.8 
1100 100.0 97.3 49.3 
1200 100.0 98.7 56.7 
1300 100.0 100.0 64.2 
1400 100.0 100.0 80.6 
1500 100.0 100.0 88.1 
1600 100.0 100.0 92.5 
(n=51) (n=75) (n=67) 
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Figure 3.5 Plot of surface drying against time of day at Shapotou (281071,94). 
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Figure 3.6 Plot of surface drying against time of day at Shapotou (071OM4). 
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At 1200 on the three observation days, the 1964 stabilized surface was 31,31 and 57% dry, 
whilst the 1981 stabilized surface was 85,46 and 99% dry respectively. The mobile dune 
surface dried rapidly on both observation days (7 and 21 August 1994), being completely dry 
by 1200 (Tables 3.12-3.14). Drying proceeded most rapidly on the 21 August (Table 3.14, 
Figure 3.7), possibly due to lower antecedent precipitation. 
3.5.2 Interactions between measured variables 
Slope, aspect, microphytic crust cover, 'grey sand' thickness and seedling density were 
measured at each point where observations of surface drying were made. This allowed the 
interactions between physical and biological variables at the dune surface to be 
investigated. Significant correlations were found between a number of variables. The 
general relationships between variables are described below. For the sake of clarity, ý, 
numbers of observations and levels of significance are shown only in Table 3.15. 
1) 'Grey sand' thickness in relation to 'subteffanean dew' duration: 'Grey sand' thickness 
was only measured on 21 August 1994. 'Subterranean dew' duration increased significantly 
with 'grey sand'thickness in both 1964 and the 1981 stabilized dunes (Table 3.15). 
2) Seedling density in relation to 'subteffanean dew' duration: Seedling density increased 
significantly with 'subterranean dew' duration in all except the third 1964 study (21 August 
1994) (Table 3.15). 
3) Cyanobacterial crust cover in relation to 'subterranean dew'duration: No relationship was 
evident between cyanobacterial crust cover and 'subterranean dew' duration on the 
stabilized dunes. However, in two of the studies (7 and 21 August 1994), cyanobacterial 
crust cover increased significantly with 'subterranean dew' duration, on dunes stabilized on 
1981 (Table 3.15). 
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4) Bryophyte cover in relation to the 'subteffanean dew' duration: No relationship was 
evident between bryophyte cover and the subterranean dew' duration, except in the third 
1964 study (21 August 1994), where bryophyte cover increased significantly with 
'subterranean dew'duration (Table 3.15). 
5) Cyanobacterial crust cover in relation to 'grey sand'thickness. 'Grey sand' thickness was 
only measured on 21 August 1994. The two factors were negatively correlated with 
cyanobacterial crust cover decreasing significantly with 'grey sand' thickness on both the 
1964 and 1981 stabilizations (Table 3.15). 
6) Seedling density in relation to 'grey sand' thickness. 'Grey sand' thickness was only 
measured on 21 August 1994. On the 1981 stabilization, seedling density increased 
significantly with 'grey sand'thickness (Table 3.15). 
7) Seedling density in relation to cyanobacterial crust cover. A negative correlation was 
found between seedling density and cyanobacterial crust cover in one of the 1964 studies (7 
August 1994) and two of the 1981 studies (7 August and 21 August 1994) (Table 3.15). 
8) Seedling density in relation to bryophyte cover. No relationship was evident between 
bryophyte cover and seedling density, except in the first 1964 study (28 July 1994), where a 
significant negative correlation was found (Table 3.15). 
9) Bfyophyte cover in relation to cyanobacterial crust cover. Bryophyte cover increased 
significantly with increased cyanobacterial crust cover in one of the 1964 studies (28 July 
1994) and in two of the 1981 studies (28 July and 21 August 1994) (Table 3.15). 
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Table 3.15 Interactions between physical and biological variables measured in surface 
drying studies at Shapotou. 
Variables Correlated Date Year r-2 n p Linear Regression 
- stabilized Equation 'Dew' Kra tion' v'grey sand'2 21/08/94-' 1964 0.47 67 d=0 037gs +1 745 
' ' 
21/08/94 1981 0.37 75 . . d=0.018gs + 0.118 Dew duration v seedlings3 28/07/94 1964 0.36 75 s=1.905d - 0.015 07/08/94 1964 0.39 75 s= 1-890d - 0.139 21/08/94 1964 0.20 67 n. s 
28/07/94 1981 0.39 67 s=0 599d +0 304 
07/08/94 1981 0.26 67 . . s=0 207d -0 127 21/08/94 1981 0.23 75 . . s=0.088d + 0.094 'Dew' duration v cyanobacteria 4 28/07/94 1964 -0.15 75 n. s 07/08/94 1964 -0.07 75 n. s 21/08/94 1964 -0.05 67 n. s 28/07/94 1981 -0.15 67 n. s 07/08/94 1981 0.23 67 n. s 
21/08194 1981 0.11 75 n. s 
'Dew' duration v bryophyteS4 28/07/94 1964 -0.06 75 n. s 07/08/94 1964 0.07 75 n. s 
21/08/94 1964 0.63 67 *** b=1.933d +0 132 
28/07/94 1981 0.13 67 n. s 
. 
07/08/94 1981 -0.24 67 n. s 
21/08/94 1981 -0.03 75 n. s 'Grey sand'v cyanobacteria 21/08/94 1964 -0.32 67 c 0.225g + 42.634 
21/08/94 1981 -0.26 75 c= -0 312g + 32 064 'Grey sand'v seedlings 21/08/94 1964 0.23 67 n. s 
. . 
21/08/94 1981 0.52 75 *** s=0.010g -0 058 'Grey sandv bryophytes 21/08/94 1964 0.11 67 n. s 
. 
21/08/94 1981 0.01 75 n. s 
Seedlings v cyanobacteria 28/07/94 1964 -0.13 75 n. s 
07/08/94 1964 -0.49 75 *** s= -0.409c + 25.125 21/08/94 1964 -0.22 67 n. s 
28/07/94 1981 -0.13 67 n. s 
07/08/94 1981 -032 67 s= -0.035c + 1.648 
21/08/94 1981 -0.31 75 s= -0.005c + 0.2661 
Bryophytes v seedlings 28/07/94 1964 -0.24 75 s -0.1 13b + 7.727 
07/08/94 1964 0.04 75 n. s 
21/08/94 1964 0.22 67 n. s 
28/07/94 1981 -0.02 67 n. s 
07/08/94 1981 0.10 67 n. s 
21/08/94 1981 0.13 75 n. s 
Bryophytes v cyanobacteria 28/07/94 1964 0.25 75 c 0.478b + 12.638 
07/08/94 1964 -0.06 75 n. s 
21/08/94 1964 0.10 67 n. s 
28/07/94 1981 0.60 67 *** c=0.814b + 6.325 
07/08/94 1981 -0.12 67 n-s 
21/08/94 1981 0.35 75 c=2.202b + 21.51 
Where a negative correlation (r) exists between two variables, coefficients of variation (r) are prefixed with a minus sign 
in order to indicate the direction of the relationship. 
'Dew duration (d) defined as duration of 'subterranean dew' in hours after 08M 
2 Grey sand' (g) defines as thickness of 'gre sand'(mm) 
3 Seedlings (s) defined as seedlings / 0.1 m 
4 Bryophytes (b) and cyanobacteria (c) defined as % surface cover 
*p <0.05, ** p <0.01, *** p <0,001 
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3.6 EVAPORATION AND INFILTRATION 
3.6.1 Evaporation 
The evaporative loss from micro-lysi meters representing three surface conditions was 
measured on 25 and 26 August 1994 (Section 2.3.4, Appendix 8). M icro- lysi meters were 
taken in triplicate from three surfaces: (i) mixed microphytic crust, (ii) scalped and (iii) bare 
sand (Table 3.16, Figure 3.8). The drying curve of the sand treatment differed from the 
scalped and crusted treatment. The initial moisture content of the sand treatment was only a 
third of the crusted and scalped treatments and subsequent evaporation over the course of 
the two days was considerably less from the sand treatment (2.83%) than from the crusted 
and scalped treatments (9.79 and 9.05%, respectively) (Table 3.16, Figure 3.8). 
Table 3.16 Mean moisture content of three micro-lysimeter treatments over the course of 
two days (25108194 - 26108194). 
Time 
Mean micro-lysimeter moisture content (n=3) 
Crusted treatment Scalped treatment Sand treatment 
25/08/94 1000 11.84 11.74 4.17 
1100 11.21 10.97 3.75 
1200 10.44 10.12 3.40 
1300 9.50 9.10 3.09 
1400 8.49 8.02 2.88 
1500 8.10 7.60 2.79 
1600 7.70 7.20 2.72 
1700 7.60 7.11 2.68 
1900 7.46 6.97 2.63 
2100 7.35 6.86 2.59 
26/08/94 0800 6.77 6.26 2.37 
0900 6.48 5.96 2.31 
1000 5.79 5.35 2.23 
1100 4.88 4.67 2.09 
1200 3.96 4.01 1.96 
1300 3.34 3.73 1.84 
1400 2.89 3.41 1.72 
1500 2.58 3.15 1.61 
1600 2.33 2.95 1.51 
1700 2.17 2.80 1.44 
1800 2.10 2.73 1.40 
1900 2.05 2.69 1.34 
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Figure 3.8 Mean micro-lysimeter moisture content (%) over the course of two days 
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The mean initial moisture content of the crusted treatment (11.84%) was almost identical to 
that of the scalped treatment (11.74%). Although the general pattern of moisture loss from 
the crusted and scalped treatments was similar, differences were evident. During the first 
day (25/08/95) moisture loss was greater in the scalped treatment, especially between 1000 
and 1400, when mean moisture content fell by 3.72% compared to 3.35% in the crusted 
treatment. Moisture loss on the second day (26/08/94) was greater in the crusted treatment, 
when mean moisture content fell by 4.15% compared to 3.01% in the scalped treatment. At 
1900 on the second day (26/08/94) the scalped treatment contained more moisture (mean 
2.69%) than the crusted treatment (mean 2.05%) (Table 3.16, Figure 3.8). 
3.6.2 Infiltration 
Infiltration was measured on dunes stabilized in 1964. The time taken for 500 ml of water to 
infiltrate through a 72 mm ring infiltrometer was measured. Six crust types were assessed, 
allowing the effect of microphytic crust, 'grey sand', cracking and crust removal on 
infiltration to be compared (Table 3.17, Appendix 9). Infiltration was also assessed on 
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uncrusted sand. Infiltration measurements were made on pre-wetted surfaces (Section 
2.3.5). 
Microphytic crusts reduced infiltration. Infiltration was slowest on the microphytic crusts 
(surfaces 1& 2), with no significant difference between the bryophyte (surface 1) and 
cyanobacterial (surface 2) crusts. Scalping did not significantly increase infiltration when the 
bryophyte crust was removed (surface 3), but infiltration was significantly increased on the 
removal of the cyanobacterial crust (surface 4). Cracking in the cyanobacterial crust 
increased infiltration, with significantly more rapid infiltration on the cracked cyanobacterial 
crust (surface 5) than on the uncracked crust (surface 2) (Table 3.17). 
Of all the crusted surfaces, infiltration on the 'grey crust' (surface 6) was significantly more 
rapid than on all the microphytic crusted and scalped surfaces (surfaces 1- 4). The bare 
sand (surface 7), maintained a significantly more rapid rate of infiltration than all other 
surface conditions. Large standard errors were observed on all the surface conditions with 
the exception of the bare sand (Table 3.17). 
Table 3.17 Time required (seconds) for the infiltration of 500 ml through a 72 mm diameter 
ring infiltrometer on various pre-wetted dune surfaces (1964 stabilized dunes). 
Surface Surface description Mean infiltration S. E n 
1 Bryophyte crust 944.8a 164.7 6 
2 Cyanobacterial crust 922. Oa 76.7 6 
3 Bryophyte crust (scalped) 818.3 
ab 147.6 6 
4 Cyanobacterial crust (scalped) 489. Obc 136.0 6 
5 Cyanobacterial crust (cracked) 341.30" 88.2 6 
6 Grey crust (no visible microphytes) 312.5 
d 54.0 6 
7 Sand 64.0e 2.2 6 
Values followed by the same superscript are not significantly different at p <0.05. 
Surface t V p 
Iv2 0.12 10 n. s 
1v3 0.57 10 n. s 
1v4 2.62 10 <0.05 
1v5 3.22 10 <0.05 
1v6 3.65 10 <0.05 
1v7 5.34 10 <0.01 
2v3 0.61 10 n. s 
2v4 4.46 10 <0.01 
2v5 4.88 10 <0.001 
2v6 6.33 10 <0.001 
2v7 10.76 10 <0.001 
Surface t V p 
3v4 2,08 10 n. s 
3v5 2.77 10 <0.05 
3v6 3.22 10 <0.01 
3v7 5.11 10 <0.01 
4v5 1.41 10 n. s 
4v6 2.27 10 <0.05 
4v7 7.65 10 <0.001 
5v6 0.28 10 n. s 
5v7 3.14 10 <0.05 
6v7 4.60 10 <0.01 
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3.7 MICROPHYTIC CRUST STUDIES 
3.7.1 Microphytic crust strength 
The effect of the two main crust forming microphytes (bryophytes and cyanobacteria) on 
crust strength was examined on an area of dunes stabilized in 1964. Crusts containing 
varying proportions of bryophytes and cyanobacteria were compared (Table 3.18, Appendix 
10). Crust strength was measured using a hand held penetrometer (Section 2.3.6). 
Bryophytes significantly increased crust strength (Table 3.18). The resistance of the two 
crusts containing significant proportions of bryophytes (crusts 1& 2) was almost identical at 
about 1.52 kg CM-2 , although crust 1 comprised 100% bryophytes, whilst bryophytes 
comprised only 50% of crust 2. The resistance of these two crusts was significantly greater 
than crusts lacking bryophytes (crusts 3& 4), where crust resistance was in the order of 0.56 
- 0.67 kg cm -2 (Table 3.18). The cyanobacterial crust (crust 3) had significantly greater 
resistance (0.67 kg cm-2) than the 'grey crust' (crust 4,0.56 kg CM-2) , although the actual 
difference was relatively small (Table 3.18). 
Table 3.18 Penetrometer resistance (kg cm-2) of various crust types (1964 stabilized 
dunes). 
Crust type Crust description n Mean crust resistance S. E 
(ka CM 2) 
1 100% Bryophyte 50 1.522 0.053 
2 Bryophyte / cyanobacterial mix 50 1.52a 0.063 
3 Cyanobacteria (not pinnacled) 50 0.67 
b 0.047 
4 Grey crust 50 0.56c 0.031 
Values followed by the same superscript are not significantly different at p <0.05 
Crusts t V p 
1v2 11.12 98 <0.001 
1v3 0.07 98 n. s 
1v4 11.87 98 <0.001 
Iv5 13.66 98 <0.001 
2v3 12.20 98 <0.001 
Crusts t d. f p 
2v4 0.75 98 n. s 
2v5 1.07 98 n. s 
3v4 11.87 98 <. 001 
3v5 15.54 98 <0.001 
4v5 2.08 98 <0.05 
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3.7.2 Microphytic crust particle size distribution and organic matter content 
The organic matter content and particle size distribution of bryophyte and cyanobacterial 
dominated crusts from an area of dunes stabilized in 1964 was measured (Table 3.19, 
Figure 3.9, Appendix 11). The bryophyte crusts contained significantly higher levels of 
organic matter than the cyanobacterial crusts. The bryophyte crusts were also finer textured, 
containing significantly more fines (<56 pm) than the cyanobacterial crusts. 
Table 3.19 Loss on ignition (LOI) and particle size distribution of bryophyte and 
cyanobacterial dominated crusts at Shapotou (1964 stabilized dunes). 
Crust type n LOI S. E <56 pm S. E <2 lim S. E 
Cyanobacterial 9 2.09a 0.12 32 . 86a 1.85 2.63a 0.15 Bryophyte 10 3.43 b 0.20 48.05 b 1.08 1 3.60'3 0.16 Values within the same column followed by the same superscript are not significantly different at p <0.05, 
Crust type tVp 
Cyanobacterial v Bryophyte (Loss on ignition) 4.86 18 <0.001 
Cyanobacterial v Bryophyte (Clay %) 7.52 18 <0.001 
Figure 3.9 Plot of percentage fines (< 56 pm) against organic matter content in 
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Organic matter content and percent fines (<56 pm) show a significant positive correlation in 
cyanobacterial crusts (ý = 0.93, p <0.001, n= 10). When percent fines (<56 Jim) was plotted 
against organic matter content, samples were clearly grouped according to crust type 
(Figure 3.9). All cyanobacterial crust samples contained >45% fines (<56 Pm), whereas no 
bryophyte crust sample contained <45% fines (<56 jim). Likewise, all cyanobacterial crust 
samples contained >2.8% organic matter, whilst all bryophyte crusts contained >2.6% 
organic matter (Figure 3.9). 
3.7.3 Effect of aspect on microphytic crust 
At both Shapotou and Yanchi, aspect exerted an important influence on microphytic crust 
cover. Data from a number of surveys were analyzed. From Shapotou, data from the 
surface drying studies (Section 3.5, Appendix 7) allowed comparison of the effects of aspect 
on microphytic crust cover. At Yanchi, where the relationship between the microphytic crust 
and aspect was more evident, studies were conducted on an area of vegetated dunes and 
nebkas, using 0.1 M2 quadrats (Appendix 12). The data from Shapotou and Yanchi were 
first plotted on spectral maps (Figures 3.10-3.15). The data were grouped in aspect and 
slope classes and plotted. Although not statistically informative, the spectral maps proved 
useful in presenting general trends in microphytic crust cover. 
iResults from Shapotou and Yanchi showed bryophyte cover on northerly aspects to be 
higher than on southerly aspects. Slope angle intensified the effect of aspect. This was 
clearly evident at Yanchi (Figure 3.12), where up to 80% bryophyte cover was recorded on 
steep northerly aspects (>20), whilst steep southerly aspects (>20) had an almost totally 
devoid of bryophyte cover. Although bryophyte cover at Shapotou was generally less than at 
Yanchi, a similar (though less distinct) pattern emerged, with greater bryophyte cover on 
northerly aspects. On the 1981 stabilization, bryophyte cover on southerly aspects was <5%, 
rising to 12.5% on more northerly aspects (Figure 3.10). On the 1964 stabilization, 
bryophyte cover on southerly aspects was <10 %, rising to 30% on steep northerly aspects 
(Figure 3.11). 
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Figure3.10 Spectral map showing bryophyte cover variation with slope and aspect at 
Shapotou (1981 stabilization) (Hatched boxes indicate no data). 
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Figure3.11 Spectral map showing bryophyte cover variation with slope and aspect at 
Shapotou (1964 stabilization). 
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Figure 3.12 Spectral map showing bryophyte cover vallation with slope and aspect at 
Yanchi (Nebkas) (Hatched boxes indicate no data). 
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Figure 3.13 Spectral map showing cyanobacterial crust cover variation with slope and 
aspect at Shapotou (1981 stabilization) (Hatched boxes indicate no data). 
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Figure 3.14 Spectral map showing cyanobacterial crust cover variation with slope and 
aspect at Shapotou (1,964 stabilization). 
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Figure 3.15 Spectral map showing cyanobacterial crust cover variation with slope and 
aspect at Yanchi. (Hatched boxes indicate no data). 
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Cyanobacterial crusts cover at Yanchi was low (<201/6) and did not appear to be related to 
either northerly or southerly aspect (Figure 3.15). Cyanobacterial crust cover at Shapotou 
was higher (<60%) and on both the 1981 and 1964 stabilizations and was greater on north 
facing than south facing aspects (Figure 3.13,3.14). 
To elucidate the relationship between the microphytic crust and north-south aspect, 
microphytic crust cover from quadrats with aspects within 300 of south (1500-210' E of N), 
and north (3300-300 E of N) were plotted against slope (Figures 3.16-3.21). The plots reveal 
that a combination of slope and aspect clearly influences microphytic crust cover. 
Although the level of bryophyte cover differed between the three studies, the general pattern 
of bryophyte cover in relation to aspect was similar (Figures 3.16,3.18,3.20). North facing 
aspects had higher bryophyte cover than south facing aspects. However, a linear increase in 
bryophyte cover with increased degree of northerly slope was not evident. Rather there 
appeared to be a 'knick point' at which a more directly south facing slopes resulted in very 
low bryophyte Gover and a more directly north facing slopes resulted in considerable higher 
bryophyte cover. This 'knick point' occurred at a slope of 50 S on the 1981 stabilization 
(Figure 3.16), and at a slope of 100 S on the 1964 stabilization (Figure 3.18) and at Yanchi 
(Figure 3.20). In all three studies, the relationship between bryophyte cover and slope on 
northerly aspects is weak, indicating that on either side of the 'knick point, slope is of less 
importance than aspect itself (Figures 3.16,3.18,3.20). 
The relationship between cyanobacterial crust cover and aspect appears more complex. In 
the Shapotou studies (Figures 3.17 and 3.19), lowest cyanobacterial crust cover (0-10%) 
was observed at a slope of 100 S. On either side of this point, cyanobacterial crust cover 
increased. At Yanchi, no clear relationship was evident seen between cyanobacterial crust 
cover and aspect (Figure 3.21). 
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Figure 3.16 Plot of bryophyte cover against slope angle in a N-S orientation at Shapotou 
(1981 stabilized dunes) 
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Figure 3.17 Plot of cyanobacterial crust cover against slope angle in a N-S orientation at 





(D 60-- xxx 
xxxxx 0 C CO x 40 xx xx x 
xx 
xx 
xx xxx 2*, - x xx x 
xx xx 




-40 -30 -20 -10 
0 10 20 
Slope (degrees north facing) 
30 
107 
-40 -30 -20 -10 0 10 20 30 
Slope (degrees north facing) 
Figure 3.18 Plot of bryophyte cover against slope angle in a N-S orientation at Shapotou 
(1964 stabilized dunes) 
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Figure 3.19 Plot of cyanobacterial crust cover against slope angle in a N-S orientation at 
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Figure 3.21 Plot of cyanobacterial crust cover against slope angle in a N-S orientation at 
Yanchi 
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3.8 MORPHOLOGICAL EXAMINATION OF DUNE SAND AT SHAPOTOU 
3.8.1 Dune profile descriptions 
Profiles of the Shapotou dunes were described from pits dug on the windward slopes and 
dune hollows of stabilized and mobile dunes (Tables 3.20-3.27). The profiles clearly show 
thickening of the 'grey sand' with time since stabilization, with 'grey sand' thickness 
increasing from 0 mm on the windward slope of the mobile dunes (Table 3.20) to 47 mm on 
the windward slope of the dunes stabilized in 1956 (Table 3.26). The microphytic crust also 
'became increasingly thicker with time since stabilization, from 1.5 mm thick on the 1981 
windward profile (Table 3.22) to 3.5 mm thick on the 1956 windward profile (Table 3.26). 
The 'grey sand' (10YR 6/4 light yellowish brown, fine sandy silt loam) was clearly 
distinguishable from the underlying dune sand (10YR 5/6 yellowish brown, fine-medium 
sand) by colour and texture. The 'grey sand' layer appears to have a platy structure and in 
the windward slope profiles is made up of alternating bands of what appears to be dune 
sand, deposited dust and dead microphytic crust (Tables 3.22,3.24,3.26). This may 
indicate cyclic deposition of aeolian material followed by consolidation by the microphytic 
crust. 
No roots were observed in the mobile dune profiles. The pattern of root distribution in the 
stabilized dune profiles, showed a boundary at a depth of about 300 mm where roots are 
common and fine above and few and woody beneath this boundary (Tables 3.22,3.23,3.24, 
3.26). The surface of all the dune profiles, with the exception of the 1964 windward slope 
profile, was dry (Table 3.24), overlying moister sand. The sand at the base of two dune 
profiles (1981 hollow, 1964 windward), was drier than that immediately above (Tables 3.20, 
3.21). 
Buried organic soil was uncovered at a depth of 430 mm in the 1956 stabilized dunes (rable 
3.27). This was found to be an organic soil which had been placed at the dune surface as an 
experimental measure in dune stabilization in the 1950s. 
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Table 3.20 Mobile dune profile description, windward slope, 25 July 1993. 
Date of stabifizaUon Mobile 
Elevadon 1400 m 
Regional refief Transverse dune field sloping towards Yellow River 
Local rerief Windward slope of mobile dune 
0 Slope 7 
Aspect N (360) 
Slope form Straight 
Microý-re#ef Small ripples 20 mm in height 
Erusion and deposffion Ripples indicate considerable sand movement 
Vegeta6on None 
Surface Some dust trapped in hollows between ripples 
Weather Sunny 
Hotizon I (Dune sand) 
Depth 0 mm+ 
Colour (dry) 1 OYR 5/6 -> 6/6 Cofour (wet) 10YR 414 
Motffing lbanding None 
Texture Medium-fine sand, Non plastic 
Structure Loose granular, apedal 




Table 3.21 Mobile dune profile description, dune hollow, 25 July 1993. 
Date of stabilization Mobile 
Elevation 1400 m 
Regional refief Transverse dune field sloping towards Yellow River 
Local relief Hollow of mobile dunes 
Slope None 
Aspect None 
Slope tbnn Flat 
Micro-relief Small ripples 20 mm in height 
Erosion and deposition Ripples indicate considerable sand movement 
Vegetation None 
Surface Some dust trapped in hollows between ripples 
Weather Sunny 
Hotizon I (Dune sand) 
Depth 0 rnm+ 
Colour (dry) 1 OYR 516 616 
Colour (wet) 1 OYR 5/4 4/4 
Mottling / banding None 
Texture Medium-fine sand, Non plastic 
Structure Loose granular, apedal 





Table 3.22 Profile of 1981 stabilized dune, windward slope, 25 July 1993. 
Date of stabilization 1981 
Elevation 1370 m 
Regional relief Transverse dune field sloping towards Yellow River 
Local relief Windward slope of stabilized dune 
Slope 2-30 
Aspect NW (3300) 
Slope foryn Straight 
Micro-refief Raised checkerboards (40 mm) covered in cyanobacterial crust, small mounds at base of shrubs. 
Erosion and deposition Sand deposition in bottom of checkerboard and beneath plants 
Vegetatfon Artemesia ordosica 10% cover. Microphytic - grey crust 100% cover 
Surface Hexagonal raised cracks associated with cyanobacteria. 2% litter cover 
Weather Sunny 
Horizon I (Crust) Hotizon 2 ('Grey sand) Hotizon 3 (Dune sand) 
Depth 0-1.5 mm 
Colour (dry) 1 OYR 6/2 -* 5/2 
Cofour (wet) 1 OYR 412 
Motffingl None 
banding 
Texture Organic fine sandy sift loam. 
Slightly plastic 
Structure Fine strongly developed platy 
peds, Moderately firm - brittle. 
Wetness Dry 
Roots None 
1.5 - 17 mm 
10YR 5/2 
10YR 4t3 
Three clear alternating bands of grey, 
orange and black. Distinct boundary 
between bands. Black 10YR 311, 
Grey 1 OYR 5/2, Orange I OYR 5/6 
Fine-medium loamy sand (almost 
sandy loam). Non plastic 
Medium moderately developed platy 




1 OYR 5/4 -> 5/6 
10YR 4/4 
None 
Medium-fine sand. Non plastic 
Loose granular, apedal 
Moist 
Many fine and coarse roots. Fine 
roots common to 300 mm. Below 
300 mm few coarse woody roots. 
Stones None None None 
Pores None 0.5 -I% very fine - fine pores None 
Boundary Clear, sharp, smooth Sharp 
Comments Microphytic - grey crust at Many cyanobacterial hyphae 
surface 
Table 3.23 Profile of 1981 stabilized dunes, dune hollow, 26 July 1993. 
Date of stabilization 1981 
Elevation 1400 m 
Regional refief Transverse dune field sloping towards Yellow River 
Local relief Windward slope of stabilized dune 
slope 01 
Aspect None 
Slope fon77 None 
Micro-relief Small hummocks up to 10 cm in height under Arternesia ordosica bushes 
Erosion and deposition Sand deposition under grass seedlings and Artemesia ordosica bushes 
Vegetation Artemesia ordosica 15 - 20% cover. Microphytic crust - grey crust 100% cover 
Surface Hexagonal raised cracks associated with cyanobacteria. Some trampling of the microphytic crust 
Weather Sunny 
Horizon I (Crust) Horizon 2 ('Grey sand) Horizon 3 (Dune sand) 
Depth 0-2mm 2-37mm 37 mm+ 
Colour (dry) I OY R 6/2 -4 60 1 OY R 60 
614 1 OYR 5t4 -> 5/6 
Colour (wet) I OYR 5/2 -* 412 10YR 
43 414 1 OYR 414 
Moffing None None None 
banding 
Texture organic fine-medium sandy Fine-medium loamy sand Medium-fine sand. Non 
loam - silty loam. Slightly plastic piastic 
Structure Fine strongly developed platy Medium moderately well developed platy Loose granular, apedal 
peds, Moderately firm - brittle. peds. Moderately firm. 
Wetness Dry Dry Moist above 350 mm, dry below 350 mm 
Roots None Many fine roots Many fine and coarse roots. 
Stones None None None 
Pores None 0.5 -1% very fine / fine pores 
None 
Boundary Sharp, smooth Distinct, sharp 
Comments Microphytic / grey fissured crust Very loose structured. Many seeds, and 
at surface much un-decomposed organic matter 
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Table 3.24 Profile of 1964 stabilized dune, windward slope, 25 July 1993. 
Date of stabdizadon 1964 
Elevadon 1350 m 
Regional refief Transverse dune field sloping towards Yellow River 
Local relief Windward slope of stabilized dune 
Slope 10 
Aspect NW (3400) 
Slope form Concave 
Micro-refief Small hummocks up to 10 cm in height under Artemesia ordosica 
Erosion and deposidon Sand deposition under grass seedlings and Arternesia ordosica 
Vegetation Eragrostis poaeoides 30% cover 
Artemesia ordosica, 10% cover 
Microphytic crust 100% cover 
Surface Hexagonal raised cracks associated with cyanobacteria. Bio-turbation by ants and lizards. Small 
amount of plant litter, some hare droppings 
Weather Sunny 
Horizon 1 (Crust) Horizon 2 ('Grey sand) Horizon 3 (Dune sand) 
Depth 0-4mm 4- 40 mm 40 mm+ 
Cofour (dty) 25Y 6/2 1 OYR 614 --+ 5/4 1 OYR 5/4 -)ý 5/6 
Colour (wet) 10YR 4/2 10YR 43 1 OYR 414 
Mottling Dark grey bands. 1 OYR 4/1 10 clear alternating bands of grey None 
ban(Jing (wet), I OYR 511 (dry). orange and black. Distinct boundary 
between bands. Black 10YR 311, 
Grey 1 OYR 512, Orange 1 OYR 516 
Texture Organic medium-fine sandy silt Fine-medium loamy sand. Non plastic Medium-fine sand. Non 
loam. Slightly plastic 
Structure Fine - medium strongly 
developed platy peds. 




Pores Very few pores 
Boundary Distinct, sharp, smooth 
Comments Black microphytic crust at 
surface 
Fine - medium weakly developed 
subangular blocky peds. Very weak. 
Also many loose granular peds. 
Moist 
Many fine - very fine roots. No coarse 
roots 
None 
0.5 -1% very fine - fine pores 
Sharp, wavy 
Some straw from old checkerboard. 
plastic 
Loose granular, apedal 
Moist. Wetter above 250 mm 
Many fine and coarse roots. 
Fine roots common to 300 
mm. Below 300 mm common 




Table 3.25 Profile of 1964 stabilized dune, dune hollow, 26 July 1993. 
Date of stabffizadon 1964 
Elevation 1350 m 
Regional refief Transverse dune field sloping towards Yellow River 
Local refief Hollow of stabilized dune 
Slope 09 
Aspect None 
Slope form None 
Micn>-rerief Small hummocks up to 10 cm in height under Arternesia ordosica bushes 
Erosion and deposiffon Sand deposition under grass seedlings and Atternesia ordosica bushes 
Vegetation Eragrosfis poaeoides 25% cover 
Arternesia ordosica 15% cover 
Microphytic crust 100% cover 
Surface Hexagonal raised cracks associated with cyanobacteria. 3% litter cover 
Weather Sunny 
Holizon I (Crust) 
Depth 0-3mm 
Colour (dry) 10YR 6/2 
Colour (wet) 1 OYR 5/3 -> 4/2 
Motffing Dark grey bands. I OYR 
banding 4/1 (wet), 1 OYR 5/1 
(dry). 
Texture Organic medium-fine 
sandy silt loam. Slightly 
plastic. 
Structure Fine - medium strongly 
developed platy peds. 
Moderately firm - brittle. 
Hofizon 2 
(Upper'Grey sand? 
3- 20 mm 
10YR 6/2 
1 OYR 5/4 -> 4/3 
None 
Fine-medium loamy 
sand. Non plastic 
Medium weakly 
developed platy peds. 
Very weak. Also many 
loose granular peds. 
Hotizon 3 
(Lower 'Grey sand) 
20 - 130 mm 








Pores Very few pores 
Boundary Distinct, sharp, smooth 
Comments Green and black 
microphytic crust at 
surface. Some fissures 
in crust 
Dry 
Many fine - very fine 
roots. No coarse roots 
None 




I OYR 5/4 --), 5/6 
1 OYR 4/4 
None 
Fine-medium loamy sand. Medium-fine sand. Non 
Non plastic plastic 
Fine - medium very 
weakly developed 
subangular blocky. Very 
weak. Also much 
granular 
Moist. 
Many fine roots. 
Loose granular, apedal 
Moist 
Common fine roots. 
None 
0.5% 




Table 3.26 Proffle of 1956 stabilized dune, windward slope, 24 July 1993. 
Elevation 1350 rn 
Regional refief Transverse dunes sloping to Yellow River 
Local relief Windward slope of stabilized dune 
Slope 2& 
Aspect NW (3300) 
Slope fbnn Straight 
Micro-relief Small mounds up to 10 cm under Arternesia ordosica 
Erosion and deposition Sand deposition under grass and Arternesia ordosica 
Vegetation Eragrostis poaeoides 30%, Arternesia ordosica 10%, Microphytic crust 100% 
cover 
Surface Hexagonal raised cracks associated with cyanobacteria. Bio-turbation by ants and 
lizards. Small amount of plant litter, some hare droppings 
Weather Sunny 
Horizon 1 (Crust) Horizon 2 ('Grey sand) Horizon 3 (Dune sand) 
Depth 0-3.5 mm 
Colour (dry) 25Y 7/2 light grey 
Colour (wet) 25Y 5/2 greyish brown 
Motffingl Dark grey bands. N4/ (wet), 
banding N6t (dry) 
Texture Organic medium-fine sandy silt 
loam. Slightly plastic 
Structure Fine strongly developed platy 
peds. Moderately firm - brittle. 
Wetness Slightly moist 
Roots Few 
Stones None 
Pores Very few pores 
Boundary Distinct, sharp, smooth 
Comments Black microphytic crust at 
surface 
3.5 - 47 mm 
10YR 6/4 light yellowish brown 
1 OYR 5/4 -> 513 yellowish brown 
At least 9 clear alternating bands of 
grey orange and black. Distinct 
boundary between bands. Black 10YR 
311, Grey 1 OYR 5/2 
Orange 10YR 516 
Fine-medium loamy sand. Non plastic 
Fine / medium weakly developed 
subangular blocky peds. Very weak. 
Also much granular. 
Moist 
Many fine / very fine roots. Few coarse 
roots 
None 
0.5 -1% very fine - fine pores 
Sharp, wavy 
Some decomposing straw from old 
checkerboard. 
47 mm+ 
1 OYR 5/4 -> 5/6 
1 OYR 414 
None 
Medium-fine sand. Non 
plastic 
Loose granular, apedal 
Moist 
Many fine and coarse roots. 
Fine roots common to 300 
mm. Below 300 mm few 




Table 3.27 Proffle of 1.956 stabilized dune, dune hollow, 27 July 1993. 
Date of stabffizadon 1956 
Elevadon 1350 m 
Regional refief Transverse dune field sloping towards Yellow River 
Local refief Hollow of stabilized dune 
S/Ope 00 
Aspect None 
Slope form None 
Micro-refief Small hummocks up to 10 cm in height under Arternesia ordosica bushes 
Erosion and deposifion Sand deposition under grass seedlings and Arternesia ordosica bushes 
Vegetation Many inew shoots of Eragrosds poaeoides. 20% shrub cover 
Surface Hexagonal raised cracks associated with cyanobacteria. Some trampling. 
Weather Sunny 
Horizon 1 (Crust) Horizon 2 ('Grey sand) Horizon 3 (Dune sand) 
Depth 0-5mm 5-65mm 65 mm+ 
Colour (dry) 10YR 513 1 OYR 5/2 10YR 5/4 
Colour (wet) I OYR 30 10YR 413 1 OYR 4/4 
Motffingl None None 430-520 mm. Buried organic soil 
bandng material. 1 OYR 30 (dry), I OYR 
2/2 wet. Organic silt loam 
Moderately plastic, granular 
structure. 
Texture Orqanic fine sandy silt loam. Fine-medium loamy sand. Non Medium-fine sand. Non plastic 
Slightly plastic 
Structure Fine strongly developed platy 





Boundary Clear, sharp, smooth 
plastic 
Fine - medium weakly developed 
subangular blocky peds. Very 
weak. 
Dry 
Many fine roots 
None 
0.5% very fine / fine pores 
Sharp 
Loose granular, apedal 
Moist 




Comrnents Microphytic crust at surface Buried material is relict of 
attempts at stabilization with 
organic soil. 
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3.8.2 Micromorpholo, gy of the thin sections 
Thin sections of dune surfaces were prepared as outlined in Section 2.4.6. In 1993 samples 
from dunes stabilized in 1981,1964 and 1956 were taken in a dry condition and prepared 
(Plates 3.1,3.2,3.3). Distinct horizontal fissuring was evident in samples obtained from 
dunes stabilized in 1964 (Plate 3.2) and 1956 (Plate 3.3), but was not evident in samples 
from dunes stabilized in 1981 (Plate 3.1). As these samples were taken in a dry condition, 
and may, therefore, have been vulnerable to some disturbance during transport, it was 
decided to take further samples from the 1964 stabilization in a moist condition, from 
bryophyte and cyanobacterial crusts. On returning to the UK, half of these samples were 
dried before thin sectioning and half were thin sectioned in a moist condition (Section 2.4.6). 
Distinct horizontal fissures were evident in thin sections which had been air-dried prior to 
thin sectioning. These fissures occurred within the 'grey sand' layer (Plate 3.4,3.6). The 
pattern of fissuring in the dried bryophyte thin section was closely associated with layering 
within the 'grey sand', and occurred at a depth of 20-30 mm (Plate 3.4). Fissuring in the 
dried cyanobacterial thin section (Plate 3.6) occurred immediately beneath the crust. The 
degree of fissuring in thin sections seems to be related to the moisture status of the sample, 
immediately prior to sectioning. In thin sections where moisture was replaced by acetone 
(Plates 3.5,3.7), less fissuring was evident than in air-dried samples (Plates 3.4,3.6). 
Microphytic crust structure was revealed in the thin sections. Bryophytes were clearly 
visible, forming dense mat-like crusts -5 mm thick (Plates 3.4,3.5). The cyanobacterial 
crust is less apparent and forms a thinner (<1 mm) surface coating or'skin' (Plates 3.6,3.7). 
'Grey sand'structure was also revealed in the thin sections. The boundary between the finer 
textured 'grey sand' and underlying dune sand is evident. 'Grey sand' in bryophyte sections 
(Plates 3.4 and 3.5) appeared finer textured than that in the cyanobacterial sections (Plates 
3.6,3.7). In places, the 'grey sand' seems to be made up of alternating bands of fine and 
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3.8.3 Micromorphology of the scanning electron microscope (SEM) samples 
The micromorphology of the Shapotou dune surfaces was examined under SEM (Section 
2.4.7). As samples were in a relatively undisturbed state, binding and aggregation of sand 
and silt particles was clearly seen. Cyanobacteria appeared to form a web of hyphae, 
binding sand and silt particles. This binding was evident in all the stabilized dune surfaces, 
but appeared more prevalent in the older stabilizations (1964 and 1956) (Plates 3.8,3.9) 
than in the dunes stabilized in 1981 (Plate 3.10). Whilst the density of cyanobacterial 
hyphae was greatest near the surface (5 mm depth) of the dunes (Plate 3.10), they were 
also observed at a depth of 65 mm on a sample from dunes stabilized in 1956 (Plate 3.11). 
Whilst no aggregates were found on the mobile dune sand (Plate 3.14), aggregates were 
visible on the stabilized dunes. Aggregates were found near the surface (5 mm depth) of the 
1981 dune samples (Plate 3.12) and appeared as sand particles bound together by bridges 
of aggregated finer particles. Similar aggregates were seen in samples from the 1964 and 
1956 stabilizations, where they were seen at greater depths than recorded in the 1981 
stabilization samples (Plate 3.13). 
Observations of the mobile dune sand revealed an almost complete lack of fine particles 
and appeared to consist almost entirely of sand grains (Plate 3.14). The dune sand beneath 
the 'grey sand' layer in the stabilized dunes appears to be identical to the mobile dune sand 
(Plate 3.15). 
Deposited dust from the dune hollow and windward slope traps (April - June 1994), were 
photographed under the SEM (Plates 3.16,3.17). The mean particle size diameter of the 
two dust samples was 78.5 jim (hollow) and 36.5 jim (windward slope). Whilst the bulk of 
the deposited dust in both samples appeared to be in the coarse silt - fine sand (20-100 jim) 
range, overall the dust deposited in the dune hollow (Plate 3.16) appeared coarser and 
contained larger sand particles (200 /im), which were absent from the windward slope trap. 
(Plate 3.17) 
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Plate 3.8 SEM image of sand particle binding by cyanobacterial hyphae (5 mm depth, Shapotou 1964 stabilization). 
Plate 3.9 SEM image of sand particle binding by cyanobacterial hyphae (5 mm depth, 










Plate 3.10 SEM image of sand particle binding by cyanobacterial hyphae (5 mm depth, 
Shapotou 1981 stabilization). 
Plate3.11 SEM image of sand particle binding by cyanobacterial hyphae (65 mm depth, 
Shapotou 1956 stabilization. 
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Plate 3.12 SEM image of aggregated particles (5 mm depth, Shapotou 1981 stabilization). 
Plate 3.13 SEM image of aggregated particles (65 mm depth, Shapotou 1956 stabilization). 
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Plate 3.14 SEM image of sand grains near the surface of mobile dunes (5 mm depth, Shapotou). 
Plate 3.15 SEM image of sand grains from below the surface of stabilized dunes (85 mm 
depth, Shapotou 1956 stabilization). 
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Plate 3.16 SEM image of dust deposited at Shapotou Research Station (April-June 1994) in 
the dune hollow trap (Trap 3). 
Plate 3.17 SEM image of dust deposited at Shapotou Research Station (April-June 1994) in 
the windward slope (Trap 4). 
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3.9 VEGETATION COMPOSITION AND CHANGE 
3.9.1 Temporal variation in shrub cover and condition at Shapotou 
After planting, living shrub cover at Shapotou declined significantly from 11 . 9% on the 1981 
stabilization to 4.9% on the 1964 stabilisation. After 37 years of stabilization (1956 
stabilization), mean shrub cover amounted to 3.2% (Table 3.28, Appendix 1). Dead shrubs 
accounted for a considerable degree of shrub cover. At the later stages of dune stabilization 
(1964 and 1956 stabilization's), dead shrubs made up over 70% of total shrub cover, 
whereas on the 1981 stabilization dead shrubs accounted for -40% of total shrub cover 
(Table 3.28). 
Table 3.28. Survey 1: Shrub and annual species cover and 'grey sand'thickness across a 
chronosequence of dune stabilization at Shapotou (early July 1993). 
Year of n Annuals Living Shrubs Dead Shrubs 'Grey sand' 
stabilization (% cover) S-E (% cover) S. E (% cover) S. E thickness (mm) S-E 
1981 143 0.3W 0.19 11.88' 1.23 lo. w 1.41 15V 1.25 
1964 143 23.51 b 0.72 4.88b 0.99 11.7V 1.13 54.3 
b 1.98 
1956 149 18.81' 0.54 3.19b 0.63 8.50b 1.18 58.1 
b 2.35 
Values within the same column followed by the same superscript are not significantly different at p<0.05. 
Shrub condition also changed with dune stabilization. Although shrubs were sparse on the 
mobile dunes (2.8 shrubs / 10 M) , all shrubs measured were of condition 
E (0% 
senescence) (Table 3.29, Appendix 13). Most of these shrubs were the biennial Pugionium 
dolabratum, with a few perennial Hedysarum scoparium. On the stabilized surfaces, shrubs 
were in poorer condition (mostly condition B and C), with more dead than living branches 
(Table 3.29). Whilst the condition of the living shrubs was broadly similar between the 
different stabilized dunes, the density of living shrubs changed. The 1981 stabilization had a 
three to four times more living shrubs (51 shrubs / 10 M2) than the 1956 and 1964 
stabilizations, which averaged 12.4 and 17.4 shrubs / 10 M2 , respectively (Table 3.29). 
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Table 3.29 Survey 2: Shrub condition across a chronosequence of dune stabilization at 
Shapotou (late July 1993). 
Year of n Living shrubs Living shrub condition Dead shrubs 
stabilization 10 M-2 10 m, 
E D C B A 
Mobile dunes 5 2.8 100.0 0.0 0.0 0.0 0.0 
1981 5 51.0 12.2 23.1 48.6 16.1 29.6 
1964 8 12.4 13.1 29.3 34.3 23.2 47.6 
1956 5 17.4 16.9 24.1 39.1 20.7 42.8 
*A = 100% senescence, B= >66% senescence, C= 33-66% senescence, D= <33% senescence, E= 0% senescence. 
3.9.2 Temporal variation in the annual vegetation cover and composition at Shapotou. 
Annual species cover increased with time since stabilization. As the cover afforded by the 
annual species was heavily dependent on rainfall, annual vegetation cover at Shapotou is 
usually at its maximum in late summer and early autumn. Few annuals had germinated in 
eady July 1993 at the time of Survey 1 (Table 3.28). Therefore, measurements were made 
of the combined cover of living and dead annual vegetation. This combined annual 
vegetation cover reached 0.4% on the 1981 stabilization, with significantly greater cover on 
1964 and 1956 stabilizations, where cover reached 23.5 and 18.8%, respectively (Table 
3.28). 
Survey 3 was conducted in late July 1994, when widespread germination of annuals had 
occurred, and were counted in their living state (Table 3.30, Appendix 14). A similar trend to 
Survey 1 (Table 3.28) was found, of increasing annual species cover with time since 
stabilization. Total cover increased significantly from a mean of 0.5% on the mobile dunes, 
to 4.4,9.3 and 12.7% on dunes stabilized in 1981,1964 and 1956, respectively. 
Whilst the total Gover of annuals increased with time since stabilization, the composition of 
the annual vegetation altered considerably (Table 3.30). The mobile dunes (n = 11) had a 
low Gover of annuals, with Corispermum sp. and Pugionium dolabraturn (a biennial) the only 
species present, their combined cover reaching <0.5%. On stabilization the 
floristic diversity 
of the dunes increased (Table 3.30). 
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Table 3.30 Survey 3: Annual species cover, microphytic crust cover and surface condition 
across a dune stabilization chronosequence at Shapotou. 
Surface cover element 
Mobile dunes 
(n = 11) 
% S. E % 
Year of stabilization 
1981 1964 
(n 49) (n 104) 
S. E % S. E 
1956 
(n 16) 
% S. E 
'Grey crust' 0.0 ---- 53.0 ---- 57.0 --- 44.0 ---- Straw 0.0 ---- 16.0 ---- 8.0 ---- 13.0 ---- Sand 100.0 -- 29.0 ---- 15.0 ---- 14.0 --- Cyanobacterial crust O. Oa ---- 3.5b 0.83 8.9c 0.85 11.9c 2.83 
Bryophyte crust O. Oa ---- 0.2b 0.08 3.3c 0.64 5.3bc 3.67 
Eragrostis poaeoides O. Oa ---- 0.5b 0.16 5.9c 0.64 10.4d 2.44 
Bassia dasyphyfla O. Oa -- 1.4b 0.17 1.9c 0.16 1.4bc 0.61 
Attemesia ordosica O. Oa ---- 0.6b 0.15 0.5b 0.09 O. Oa ---- 
Cotispermum sp. 0.4a 0.14 I.: OC 0.40 0.2b 0.05 O. Oa --- 
Salsola sp. 0.0 ---- 0.6 0.08 0.8 0.07 0.9 0.31 
Sfilopnolopis cenfiflora 0.0 -- 0.3 0.10 0.0 - 0.0 --- 
Pugionium dolabratum 0.1 0.08 0.0 ---- 0.0 ---- 0.0 ---- 
Total hiQher veaetation 0.5 -- 4.4 9.1 -- 12.7 
Values within the same row followed by the same superscdpt are not significantly different at p <0.05. In many cases, higher 
vegetation was covering an area of the dune surface that was itself covered by microphytic rust. Considerable overalp thus 
existed between higher vegetation and microphytic rust elements. Surface cover totals are therefore in excess of 100%. 
On the 1981 stabilization (n = 49) species such as Bassia dasyphylia, Salsola spp., 
Stilopnolopis centiflora, Eragrostis poaeoides and Artemesia ordosica (seedlings) were 
found. The cover of Corispermum, a species found on the mobile dunes (mean 0.4%) 
increased significantly on stabilization (mean 1.0%). Pugionium dolabratum, a species found 
only on mobile dunes was not found on any of the stabilized dunes (Table 3.30). 
At a later stage in the stabilization chronosequence (1964 stabilisation, n= 104) 
Stilopnolopis cenfiflora (apparently associated only with more recently stabilized dunes) was 
absent. Corispermum candelabrum, a species present in the mobile dunes and initially 
increasing on stabilization, declined significantly to a mean of 0.2%, lower than that of the 
mobile dunes (Table 3.30). Relatively small, but significant increases occurred in the cover 
of Salsola sp. (0.6 to 0.8%) and Bassia dasyphylla (1.4 to 1.9%). A notable increase was 
found in the cover of the grass species Eragrostis poaeoides, which increased from 0.5% on 
the 1981 stabilization, to 5.9% on the 1964 stabilization (Table 3.30). 
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Fewer quadrats were measured on the 1956 stabilized dunes (n = 16). Corispermum sp. and 
Aftemesia ordosica were not recorded on the 1956 stabilized dunes and the cover of Bassia 
r4o dasyphyfla and Salsola spp. remained similar to the 1964 stabilized dunes. Eragrostis 
poaeoides cover increased significantly between the 1964 (5,90%) and the 1956 (10.38%) 
stabilization, to form over 80% of the total annual vegetation cover (Table 3.30). 
Evidence from the 'subterranean dew' studies (Section 3.5, Appendix 7) suggests higher 
seedling density (almost entirely Eragrostis poaeoides) on the 1964 stabilized dune (9.66 
seedlings 10.1 M) than on the 1981 stabilized dune (0.69 seedlings / 0.1 M) (Table 3.31). 
Significant positive correlations were evident between seedling density and 'subterranean 
dew' duration, whereas significant negative correlations were evident between seedling 
density and cyanobacterial crust cover on the 1981 and 1964 stabilized dunes (Table 3.15). 
3.9.3 Temporal variation in microphytic crust cover and composition at Shapotou. 
Evidence of increasing dune stability with time since stabilization is shown by the increased 
colonization of the dune surface by microphytic crust organisms. Cover of both bryophytes 
and cyanobacteria increased with time since stabilization. Survey 3 (Table 3.30) showed no 
cyanobacterial crust cover on the mobile dunes and a significant increase in cover from 
3.5% on the 1981 stabilization to 8.9% on the 1964 stabilization and to 12.2% on the 1956 
stabilization. Whilst absent on the mobile dunes, bryophyte cover increased significantly 
from 0.2% on the 1981 stabilization, to 3.3% on the 1964 stabilization and to 5.3% on the 
1956 stabilization. 
Microphytic crust cover, recorded in Survey 3 (Table 3.30) was considerably lower than that 
recorded in Survey 4 (Table 3.31). Cyanobacterial crust cover on the 1964 stabilized dunes 
was 8.9% in Survey 3 (Table 3.30) and 21.4% in Survey 4 (Table 3.31). This is possibly due 
to the different rationale behind the two surveys. Survey 3 was more general and included 
disturbed areas of dunes, irrespective of dune position. Survey 4 was conducted on selected 
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areas, which were relatively undisturbed and located predominantly on the windward slope 
and dune hollow. 
Table 3.31. Survey 4: Seedling density and microphytic crust Cover across a dune 
stabilization chronosequence at Shapotou. 
Year of n Seedling density S. E Cyanobacteria S. E Bryophyte S-E 
stabilization 
2 (seedlings / 100 cm % % 
Desert 101 0.04a 0.02 0.00a ---- 0.00a ---- 
1981 209 0.69b 0.14 21.43 b 0.52 5.26 b 1,37 
1964 217 9.66c 1.05 27.21 c 1.50 10.48c 0.70 
Values within the same column followed by the same superscript are not significantly different at p <0.05 
Survey 4 indicated a positive correlation between cyanobacterial and bryophyte cover, in 
particular on the 1981 stabilized dunes (Table 3.15). Seedling density was negatively 
correlated with cyanobacterial cover (Table 3.15). The interrelationships between 
microphytic crust cover, 'grey sand' thickness and 'subterranean dew' duration, are 
descdbed more fully in Section 3.5.2. 
3.9.4 CanoniGal correspondence analysis (CANOCO) of the dune vegetation at Shapotou. 
Canonical correspondence analysis of the vegetation data collected in Survey 3 was 
conducted using the FORTRAN program CANOCO (ter Braak, 1987-1992). A biplot of the 
species and environmental variables recorded in Survey 3 is presented (Figure 3.22, Table 
3.32). Points on the biplot represent individual species, arrows environmental variables. The 
direction of the line from the origin indicates the direction of maximum change in the 
environmental variable. The length of arrow is proportional to the magnitude of change in 
that direction (Kent and Coker 1994). 
Axis I and 2 accounted for 79.5% of variation within the ordination (Table 3.22). Time (since 
stabilization) and sand (at the surface) are reasonably well correlated (r = -0.79 and 0.63, 
respectively) with the primary axis of variation within the data (Axis 1). These two variables 
operate in almost exactly opposite directions (Figure 3.22). Straw (at surface) is the only 
environmental variable closely correlated (r = 0.85) with the secondary axis of variation 
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/A -., ,,, is 2) and operates in a direction almost perpendicular to time and sand. Slope and 'grey 
sand' were not found to be closely correlated with either of the two axes (Figure 3.22, Table 
3.32). 
Table 3.32 Survey 3. CANOCO biplot scores of environmental factors at Shapotou. 




Time since stabilization -0.79 -0.27 Slope 0.11 -0.13 
Grey crust -0.19 -0.03 
Straw 0.46 -0.85 
Sand 0.63 0.37 
variance accounted by 59.2 20.3 
The biplot shows clearly shows the species distribution. Pugionium dolabratum is strongly 
correlated with increased sand at the surface and negatively correlated with time since 
stabilization. This agrees closely with data from Table 3.30, where Pugionium dolabratum 
was found only on the mobile dunes. A similar, although not so pronounced, pattern can be 
seen with Corispermum mongolicum. Stilopnolopis centiflora, Bassia dasyphylla, Salsola 
spp. and Artemesia ordosica, all appear to increase with increasing sand and straw at the 
surface. 
Of all the species present, Eragrostis poaeoides is most closely associated with time since 
stabilization. Bryophytes also appears to be associated with time since stabilization, but are 
also negatively correlated with straw at the surface. The cyanobacteria do not appear 
strongly associated with any of the environmental variables measured, but show a slight 
negative association with straw at the surface (Figure 3.22). 
When individual stands are plotted, the resultant biplot clearly shows both a primary trend in 
the data in the direction of time since stabilization and a secondary trend in the data in the 
direction of straw at the surface. Differentiation between stands from differing ages of 
stabilization is clearly evident (Figure 3.23). 
132 






0.2 Btyophytes 0 
CN Cyanobactefia 0 
C. mongolicum 
(n .T <0 
< E. poaeoides B. dasyphylla 








1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 
Axis 1 






























3.9.5 Effects of grazing on vegetation composition at Yanchi 
The effect of grazing on vegetation was assessed at Yanchi (Table 3.33, Appendix 15). The 
vegetation at Yanchi was considerably denser and more diverse than the vegetation on the 
stabilized dunes at Shapotou. Vegetation at Yanchi was ýessentially dominated by Artemesia 
ordosica which accounted for over two thirds of the vegetation cover. Whilst Artemesia 
ordosica cover was lower in the grazed quadrats, the difference was not significant (Table 
3.33). 
Table 3.33 Effect of grazing on vegetation composition and surface characteristics at 
Yanchi. 
Species / surface cover element I Grazed cover % S. E I Non-grazed cover% S. E 
Achnatherum splendens 0.36 0.64 0.12 0.33 
Artemesia spp. 25.60 23.08 30.24 18.1 
Bassia dasyphylia 0.36 0.57 0.08 0.28 
ChenoPOdium sp. 2.60 1.58 1.68 1.26 
Caragana microphylla ---- ---- 0.04 ---- 
Corispermum sp. 0.80 1.12 0.12 0.33 
Cuscuta sp. 0.36 0.57 0.04 0.2 
Cynanchum sp. 0.76 0.88 0.04 0.2 
Eragrostis poaeoides 0.12 0.60 ---- ---- 
Heteropappus affaeicus 1.20 1.12 0.60 0.71 
heris chinensis 0.44 0.77 0.52 0.82 
Pennisetum flaccidum 1.20 0.96 3.12 2.21 
Periploca sepium 0.12 0.33 0.04 0.2 
Salsola sp. 0.72 1.28 0.32 0.75 
Scorzonera sp. 0.12 0.44 ---- --- 
Silene conoidea. 0.40 0.91 0.64 1.04 
Sophora alopecuroides 1.16 1.84 1.32 1.97 
Echinops gmefinj 0.04 0.2 ---- --- 
Euphorbia sp. 0.04 0.2 --- ---- 
TOTAL VEGETATION 36.4 38.9 
Bryophyte crust 4.64 6.26 5.48 4.85 
Cyanobacterial crust 2.44 1.89 2.12 1.67 
Nostoo sp. 0.16 0.62 --- --- 
TOTAL MICROPHYTES 7.24 7.60 
Grey crust 78.48 10.58 75.76 9.50 
Litter 6.92 4,52 10.08 5.82 
Sand 6.88 4.81 6.72 5.59 
In many cases, higher vegetation was covering an area of the dune surface that was itself covered by microphytic crust. 
Considerable overalp thus existed between higher vegetation and microphytic rust elements. Surface cover totals are 
therefore in excess of 100%. 
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An assessment of the other 18 species of higher plants, revealed that grazing increased 
floristic diversity. A total of 13 species increase with grazing, whilst grazing reduced the 
cover of five. Three species present at Shapotou (Bassia sp., Corispermum sp. and Salsola 
sp. ) all showed higher cover in grazed quadrats than in non-grazed quadrats ffable 3.33). 
Total microphytic and higher vegetation cover was almost identical between the two 
treatments. Remarkably little difference was evident in the dune surface properties of the 





In this chapter the results of experiments, analysis and surveys conducted during the course 
of the research programme will be discussed. These results will be discussed in relation to 
other results obtained and in the light of wider research findings. The dynamics of aeolian 
deposition and accumulation will be discussed first, followed by a discussion of changes in 
dune surface properties, hydrology and lastly vegetation. The results will also be discussed 
with reference to the considerable body of relevant and complimentary research compiled 
by scientists of the Shapotou Research Station. 
4.2 AEOLIAN DEPOSITION AND ACCUMULATION 
The percentage of fines (<56 jim) in the mobile dune sand at Shapotou is low, at -2.3% 
(Table 3.9). Upon stabilization, deposited dust is retained at the dune surface, forming a 
layer of fine particles comprising the 'grey sand'. Danin et aL (1989) considered the principal 
geomorphologiGal process on stabilized dunes to be the enrichment of the surface by fine- 
grained aeolian particles. This also has implications for dune hydrology (Cheng and Kang 
1990) and vegetation dynamics (Danin et aL 1989). The dunes at Shapotou afford a clear 
opportunity to examine the spatial and temporal dynamics of aeolian deposition and 
accumulation on stabilized desert dunes. 
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4.2.1 Aeolian deposition at Shapotou 
4.2.1.1 Comparison with other reported deposition rates 
Mean deposition at Shapotou for the period September 1993 - July 1994 totalled 318 g M-2 
1994 (Table 3.1). Compared to other reported rates, typically in the region of 50 g M-2 
(Goudie 1983; Pye 1987), the deposition recorded at Shapotou is high. Other studies of 
aeolian deposition in desert dune environments have also shown high deposition rates, 
reflecting strong wind regimes and the proximity of loose, unprotected dune sand (Yaalon 
and Ganor 1973, Al-Nakshabandi and El-Robee 1988, Offer et al. 1992). Aeolian deposition 
in desert dune environments is generally coarse textured, with locally derived deposition 
accounting for the bulk of total deposition (Al-Nakshabandi and EI-Robee 1988; Offer et aL 
1992). Offer et al. (1992) recorded an annual deposition of 276 g M-2y-1 in a Negev dune 
environment. The deposited dust was found to be extremely coarse (mean particle size 
diameter 174 lim), with sand comprising >75% of the deposition. In another Negev dune 
environment, where coarser textured dust (>20 /im) considered to be locally derived was 
excluded, recorded deposition was radically reduced (Liffmann 1997). The dust collected at 
Shapotou had a mean particle diameter of 52.9 pm (Table 3.2), indicating that a 
considerable portion is likely to be of local origin, having been transported by short term 
suspension. 
4.2.1.2 Effect of dust trap design on the deposition 
The design of the dust trap or collector greatly affects recorded deposition (Goosens and 
Offer 1994). At Shapotou, traps similar to the 1-6bner bucket trap (Steen 1977) were used 
(Section 2.3.1.1). They were installed primarily to determine topographic effects on 
deposition. The efficiency of various dust traps was evaluated by Goosens and Offer (1994), 
who found the relative efficiencies of certain traps compared to a water collector as low as 
45%. The greatest cause of trap inefficiency was not in the initial deposition, but in the 
vulnerability of the traps to subsequent deflation. Trap efficiency is lower during periods of 
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high wind velocity than during periods of low wind velocity. As aeolian deposition at 
Shapotou is greatest during periods of higher wind velocity (Tables 2.2,3.1), the deposition 
at Shapotou may have been considerably underestimated. 
The marble tray trap, like that used by Offer et aL (1992), goes some way towards 
overcoming these difficulties. The trap is placed at ground level to reduce turbulence, and 
once the dust has fallen through the marbles, it is protected from subsequent deflation. 
Unfortunately, similar traps at Shapotou (Plate 2.11, Figure 2.4) were removed or disturbed 
resulting in a loss of data, a problem not without precedent in dust trap studies (Goosens 
and Offer 1990). 
The deposition (276 g M-2y-') recorded by Offer et aL (1992), is similar to that recorded at 
Shapotou (318 g M-2 ) between September 1993 and July 1994 (Table 3.1). However, Offer 
et al. (1992) collected dust at a height of 0.1 m using trays of glass marbles, whereas at 
Shapotou, dust was collected at a height of 0.3 m in gauge like trap (Section 2.3.1.1). Given 
the different trap design and the differing recording heights, it is probable that the deposition 
of 318 g M-2 recorded at Shapotou represents considerably more deposition than the 276 g 
M-2 recorded by Offer et aL (1992). 
Rain-splash affected the samples obtained in August 1993 and 1994. Splash reached the lip 
of the dust trap (Plate 2.10). The study by Offer et al. (1992) exhibited a similar pattems of 
deposition to the Shapotou study. Both exhibit a pronounced peak of deposition during the 
rainy season. This occurred in August 1993 and 1994 at Shapotou and in December 1987 in 
the Negev. Offer et al. (1992) considered that the reason for this high level of deposition 
was the occurrence of very strong winds, resulting in localised erosion of sand dunes in 
December 1987. In the light of the research from Shapotou, the use of splash guards would 
improve the design of near surface dust collectors. 
138 
4.2.1.3 Effect of topographic position on deposition 
The topographic position of the trap strongly affected deposition (Table 3.1)). Large 
variations (164 - 506 g M-2) in deposition were found between traps. Other studies have 
shown considerable topographic induced variations in dust fall. Goosens and Offer (1990) 
recorded daily deposition between 0.324 and 1.105 g m-2 in the Negev, the variation being 
accredited to the topographic position of dust traps. However, Goosens and Offer (1990) 
reported greater deposition on windward slopes and lower deposition on leeward slopes. 
This was not evident at Shapotou, where greatest deposition was recorded in the leeward 
slope trap and relatively little deposition recorded in the windward slope trap. A possible 
explanation for this difference lies in the method by which deposition is calculated. Goosens 
and Offer (1990) used permanently moist surfaces, which ensured a very high trapping 
efficiency, with little or no deflation from the traps. The traps used at Shapotou will have 
been to some extent vulnerable to deflation. As Goosens and Offer (1994) showed, the 
deposition of dust and subsequent deflation from the trap is greatly influenced by wind 
velocity. Topographic position has a strong bearing upon wind velocity (Jackson and Hunt 
1975) and trapping efficiencies are lowered under high winds (Goosens and Offer 1990). 
Therefore, whilst trap design may be identical, traps located at different topographic position 
will differ in trapping efficiency. Therefore, whilst the deposition data at Shapotou indicates 
higher deposition on leeward slopes and low deposition on the windward slopes, this pattern 
Gould well have been exaggerated by differing trapping efficienGies aGross the dune 
transect. 
An appreciation of the relationship between topographic position and deposition is vital in 
areas of changeable topography when planning dust trap studies. Admittedly, the study at 
Shapotou was conducted on sand dunes, where slope form and aspect change rapidly, but 
the implications for studies of aeolian deposition in gentler topography, should not be 
ignored. As Goosens and Offer (1994 p. 33) remarked; "Dust collector data should be used 
with care and the topographic position of the collector should always be mentioned when 
deposition data are reported". 
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Whilst the measurement of aeolian deposition appears at first to be a relatively simple 
operation, involving inexpensive equipment, reliable estimation of aeolian deposition is 
problematic. The different trapping efficiencies arising due to trap design, height and 
topographic position, make meaningful comparison of deposition data difficult. Given the 
potential inaccuracies in estimating aeolian deposition by dust trap studies, many calculated 
deposition rates may not reflect true deposition and inferences derived from the data 
gathered erroneous. Dress et aL (1993 p. 217), for example, considered data from dust 
collectors installed at 2.5 m to "accurately represent actual potential dust infall". 
4.2.2 Aeolian accumulation at Shapotou 
An alternative approach to estimating aeolian deposition is by determining the accumulation 
of deposits over a known period. Advantages of this approach are that average rates can be 
Galculated over longer periods of time and only deposition retained at the natural surfaGe is 
recorded. As the precise dates of dune stabilization are known and the mobile dune sand 
relatively homogenous (Buckley et a/. 1986), accumulation of aeolian fines allows estimates 
to be made of deposition at Shapotou. A similar approach was taken by Dan and Yaalon 
(1971), where deposition rates on the Coastal Plain of Israel since the Lower Pleistocene 
were calculated at 0.01 - 0.1 mm y-1. In view of the mixing of underlying dune sand and 
deposited dust at Shapotou, aeolian accumulation could not be calculated from simple 
measures of 'grey sand' thickness, but could be made through comparative textural 
analysis. 
The particle size distribution of dune surface (0-50 mm) samples from mobile dunes and 
stabilized dunes were determined (Section 2.4.1). Rates of aeolian deposition were 
estimated by comparing the particle size distribution of the stabilized dune samples with 
mobile dune samples (Table 4.1), assuming that the dust has a bulk density of 1.4 g CM-3 ,a 
mean of bulk densities of 1.5 and 1.3 g cm -3 assumed in similar studies by Drees et aL 
(19,93) and Yaalon and Dan (1974) respectively. 
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Table 4.1 Estimated rates of aeolian accumulation on stabilized dune surfaces at Shapotou. 
Year of Rate of accumulation (g m- ")(') over stabilization period Estimated current 
stabilization accumulation rate 
Particle size fraction Jim 
<2pm <61im < 18pm <561im <90pm <135pm <260pm <400pm (g M-2y') 
1981 25 61 115 510 767 1097 1679 2036 2036 
1964 26 61 126 550 776 1016 1394 1595 970 
1956 24 59 123 488 665 826 1045 1157 836 
Annual rates of aeolian deposition were determined for particle size fractions up to 400 jim. 
Rates of aeolian deposition of particles <400 jim over the period of dune stabilization were 
estimated at 2036,1595 and 1157 g M-2 Y-1 for the dunes stabilized in 1981,1964 and 1956 
respectively (Table 4.1). Rates calculated for the dunes stabilized in 1956 and 1964 are 
likely to be slightly underestimated, as the 50 mm sampling depth did not always 
encompass the full thickness of the 'grey sand'. The 50 mm sampling depth did in all cases 
take in the entire thickness of 'grey sand' in the 1981 samples (Section 3.3.1). 
The declining rate of deposition with distance from the dune margin, forms a pattern similar 
to that observed by other researchers (Yaalon and Dan 1974), who found aeolian deposition 
declined with distance from the sediment source. This pattern is complicated by the fact that 
the 1956 and 1964 stabilizations at one time formed the outermost margin of the stabilized 
dunes, a position now occupied by dunes stabilized in 1981 or later. Being closer to the dust 
source, dunes stabilized in 1964 and 1956 would have probably received higher rates of 
deposition than at present and current levels of aeolian deposition may be less than that 
estimated over the entire stabilization period. Assuming the rate and pattern of aeolian 
deposition has remained reasonably constant at Shapotou since 1956, it is calculated that 
the current rate of deposition (<400 lim) is in the region of 2036,970 and 836 g 
M-2 Y-1 on 
dunes stabilized in 1981,1964 and 1956, respectively (Table 4.1) 
Deposition rates calculated through dust gauging and textural analysis of surface samples 
varied widely, although given the different rationale behind the two methods, this 
is not 
surprising. Dust traps measured deposition over a one year period, whereas 
textural 
analysis recorded deposition from the time of dune stabilization. Surface samples were 
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obtained at a number of locations, whereas dust traps recorded deposition across a single 
dune transect. Samples were also obtained largely from windward slopes and dune hollows, 
where 'grey sand' was thicker (Table 3.6) and rates of deposition derived would be 
unrepresentative of the entire dunes surface. 
Textural analysis provides a more realistic measure of 'net deposition' over the duration of 
stabilization, whereas dust gauging proved useful in determining deposition over defined 
periods. Employing both techniques has allowed a greater understanding of aeolian 
deposition at Shapotou. 
4.2.3 The spatial pattern of aeolian deposition and accumulation 
Greatest deposition in the dust trap study was recorded in the dune hollow and leeward 
slope traps (Table 3.1, Figure 3.1), where deposition was approximately double that 
recorded in the windward slope and dune crest traps. This agrees with the commonly held 
Wind shadow theory', where maximum deposition occurs in the lee of topographic obstacles 
where wind velocities are reduced (Pye 1987). 
The pattern of deposition in the traps is not, however, reflected in the pattern of aeolian 
accumulation at the dune surface, where 'grey sand' was thickest in dune hollows and 
windward slopes and thinnest on leeward slopes and crests (Figure 4.1). A recent study of 
aeolian deposition in a dune environment in the Negev has also shown that the pattern of 
aeolian deposition measured in traps did not correspond with the content of fines in the 
surfaGe 5 mm (Littmann 1997). 
Important though topography is in determining the pattern of aeolian deposition and 
accumulation, it appear's that other factors are involved. Research in Israel showed that dust 
is deposited in favOurable geornorphological (wind shadow) and ecological (vegetation) 
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Figure 4.1 A comparison of aeolian deposition (September 19,93 - July 1994) and 'grey 
sand'thickness (1956 stabilized dunes) at Shapotou. 
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positions (Dan and Yaalon 1971; Yaalon and Dan 1974). As the dust traps were located 
away from shrubs, the data do not reflect the effect of differing vegetation cover. Research 
on the effects of dune vegetation has indicated that it acts not only as a stabilizer of the 
dune surface (Ash and Wasson 1983; Thomas and Tsoar 1990; Wolfe and Nickling 1993), 
but as an accretionary focus for sand and dust (Tsoar and Moller 1986; Tsoar and Pye 
1987, Liftmann 1997). 'Grey sand' was significantly thicker beneath planted shrubs than at 
inter-shrub positions on the 1981 stabilized dunes (Table 3.5). The placing of the dust traps 
away from the immediate vicinity of shrubs, in order to achieve standardization, may have 
resulted in an underestimation of deposition. 
Shrub cover across the dunes is uneven, with greatest cover being observed on the north- 
facing windward slopes and dune hollows and very low cover being observed on south- 
facing leeward slopes (Plate 4.1). Other's report a similar relationship between aspect and 
vegetation cover in and areas (Yaalon and Dan 1974). As well as higher vegetation species, 
bryophytes have been identified as an important accretionary focus in and areas (Danin and 
Ganor 1991) and the relative lack of bryophytes on the south-facing leeward slopes at 
Shapotou (Figures 3.17,3.19), may go some way towards explaining the thinner layer of 
'grey sand' on these slopes. It appears, therefore, that the leeward slope at Shapotou, a site 
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Crest Leeward Hollow Windward 
geornorphologically favourable to deposition, is not ecologically favourable and the 
windward slope, while not geornorphologically favourable, is ecologically favourable. The 
hollows remain favourable on both counts, whilst the crests remain unfavourable on both 
counts (Table 4.2). 
Evidence of fluvial reworking of deposited dust in sand dunes was found by Dan and Yaalon 
(1964,1971). Dan et a/. (1968) even went as far as to say that the differences between 
upper slopes and toeslopes in and areas is redeposition. Admittedly these studies were 
carried out in an environment where dust deposition was perceived as being even across 
the landscape (due to the fine nature of the dust), but it reminds us that dust accumulation 
cannot be merely deduced from the deposition pattern alone and vice-versa. 
Reworking of deposited dust was seen at Shapotou. Heavy overnight rain (36.5 and 34.4 
mm, on 27 July and 5 August 1994, respectively) led to runoff, which in places breached the 
microphytic crust and eroded the'grey sand' layer (Plates 4.2,4.3). 
Plate 4.1 Shapotou dunes (stabilized in 1981), showing contrasting vegetation cover on 
south-facing ieeward and north facing windward slopes. 
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Table 4.2 Hypothetical deposition, net effect of subsequent reworking and actual 'grey 
sand'thickness at various topographic positions on stabilized dunes at Shapotou. 
Dune Deposition Net redeposition Mean 
Position 'Grey sand' 
Geomorphological Ecological Wind Water thickness 
Crest Low Low Negative Slightly negative 20.3 
Leeward High Low Negative Negative 19.4 
Hollow High High Positive Positive 35.3 
Windward Low High I Slightly positive? Slightly negative 1 33.7 
Runoff and erosion on stabilized dunes was also reported by Jungerius and van der Meullen 
(1988) and Yair (1990). At Shapotou, rills were far more common and deeper on the steep 
unvegetated leeward slopes, where the microphytic crust contained few bryophytes and was 
comprised of a thin cyanobacterial crust, which were more easily eroded (Plates 4.2,4.3). 
Dan and Yaalon (1964) observed that, on steep unstable slopes or on very young sandy 
sediments, dust accumulation is slow or non existent. Vegetation plays an important role 
preventing deflation of deposited dust (Wolfe and Nickling 1993). The relatively sparse 
vegetation on the leeward slopes affords little protection and is, therefore, unsuited to the 
retention of deposited dust (Table 4.2). The results and observations at Shapotou support 
Dan and Yaalon 1971 (p. 256), where they conclude that "the accumulated thickness of 
dusty deposits depends on the rate of aeolian deposition on the one hand and on fluvial and 
erosional redeposition on the other". 
Liffmann (1997) showed that aeolian deposition in stabilized desert dunes was a function of 
topographically induced turbulence and increased surface roughness by the vegetation. This 
appears to be the case at Shapotou, although the pattern of 'grey sand' thickness perhaps 
points to vegetation exerting a more important control over the accumulation of deposited 
dust than topography. The importance of dune topography in determining the pattern of 
aeolian deposition and accumulation may well be indirect, through its influence on the dune 
vegetation and runoff, rather than directly through its modification of wind flow. 
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4.2.4 Textural variations in the deposited dust 
Particle size analysis showed the texture of deposited dust to vary between traps (Table 
3.2). Deposition and dust texture were closely related. Generally it would appeared that with 
increasing deposition, the content of fines decreased (Figure 3.2). This relationship is the 
opposite to that found by Drees et aL (1993), where increased dust-fall was associated with 
an increase in fines. In their discussion, Drees et aL (1993) considered that this pattern was 
indicative of long-range transport as a source for the dust. However, in the study by Drees et 
aL (1993), the recording height was 2.5 m, and therefore fewer coarse particles would be 
trapped. Given the proximity of the sediment source and the coarse nature of the trapped 
sediment, much of the deposition at Shapotou is undoubtedly short-range transport. 
The texture of the aeolian deposits at Shapotou vary with distance from the source area 
(mobile dunes). This can be seen in Table 4.1, which shows the deposition of particles <90 
pm to be fairly ubiquitous between the three stabilized dune surfaces. Particles >90 /im 
represent 62,51 and 43% of aeolian accumulation from dune surfaces stabilized in 1981, 
1964 and 1956, respectively (Table 4.1). Therefore, with increased distance from the mobile 
dunes, dustfall and the mean particle size of deposited dust decreases. 
Similar textural patterns of aeolian deposition was found by Dan and Yaalon (1971) in Israel, 
who found aeolian deposits to be fine grained and thinner on upland and sloping surfaces 
and coarser and thicker in depressions and flood-plains. Aeolian deposition also became 
finer northwards, away from the desert margin. 
4.3 PROPERTIES OF THE DUNE SURFACE SAND (0-50 mm) 
Dune stabilization resulted in significant changes in the physical and chemical properties of 
the dune surface (0-50 mm) at Shapotou. Organic matter content increased significantly 
with time since stabilization (Table 3.8), whilst bulk density (Table 3.7) and mean particle 
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size diameter (Table 3.9) decreased significantly. A number of studies have shown similar 
increases in organic matter content and percentage fines in dune sand following stabilization 
(Ayyad 1973; Danin et aL 1989; Pandey and Rokad 1992; Kadmon and Leschner 1995). 
These increases are perhaps unsurprising given the initially low concentrations of fines and 
organic matter in mobile dune sand. Whilst the bulk density of the Shapotou dune surface 
declined from 1.58 g CM-3 on the mobile dune sand to 1.36 g CM-3 on dunes stabilized in 
1956, other research has shown increases in bulk density with time since stabilization. 
Pandy and Rokad (1992) found the bulk density of the dune surface (0-100 mm) increased 
from 1.2 to 1.7 g CM-3 with stabilization. The decline in bulk density of the dune surface 
found at Shapotou may be related to increased macro-porosity, the presence of a less 
dense microphytic crust (in particular bryophytes) and increased root density with time since 
stabilization. 
These three properties were not significantly correlated in the mobile dune samples, but 
were in all cases significantly correlated in the stabilized dune samples. A significant (p 
<0.001) linear correlation between the organic matter content and percentage silt + clay of 
microphytic crusts was found by Danin et aL (1989), working on stabilized dunes in Israel. A 
similar significant linear correlation (ý = 0.6857 p <0.001, n= 144) was found at Shapotou 
(Figure 4.2). As Danin et aL (1989) commented, this indicates that a close relationship 
exists between the biotic and abiotic elements of dune stabilization. Danin (1991) 
interpreted this relationship as a feedback mechanism. When the content of fines at the 
dune surface passes a threshold, the cyanobacteria establish themselves at the dune 
surface. These cyanobacteria bind the deposited particles, as seen at Shapotou (Plates 3.8- 
3.11). When dampened, the photoactive cyanobacteria move above the layer of deposited 
particles, binding them. The improving moisture regime enables an increasing cover of 
cyanobacteda (Danin 1991), further increasing organic matter content. The surface 
condition of the Shapotou dunes has radically altered since stabilization, with the formation 
of an aeolian derived 'grey sand' layer. The implications of these changes on dune 
hydrology, microphytic crust formation and vegetation succession will be discussed later. 
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Figure 4.2 Relationship between organic matter percent and percent fines (<56 Jim) in 
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The hydrology of mobile desert dunes is characterised by rapid infiltration, deep percolation, 
low evapotranspiration, low moisture holding capacity, little or no surface runoff, a rapidly 
drying surface and little capillary rise (Noy-Meir 1973, Tsoar and Moller 1986). These 
factors create a unique hydrological environment and a vegetation adapted to these 
conditions. The research station at Shapotou affords an opportunity to examine changes in 
dune hydrology, following stabilization. Changes in dune hydrology appear to be important 
in controlling vegetation change and, therefore, have important implications for dune 
stabilization (Danin 1978). 
4.4.1 Infiltration and runoff 
The microphytic crust and 'grey sand' layer reduced infiltration rates at Shapotou (Table 
3.17). Whilst the effect of the microphytic crust on infiltration is a matter of some debate, 
two studies on dune sand (Yair 1990; Jungerius and van der Meullen 1988) showed that 
microphytic cover reduced infiltration rates upon stabilization. The decrease in infiltration 
rates associated with the microphytic crust contrasts with much research which shows 
149 
increased rates with increased microphytic crust cover (Booth 1941; Fletcher and Martin 
1948; Shields and Durell 1964; Loope and Gifford 1972; Greene and Tongway 1989; 
Eldridge and Greene 1994). In these studies, generally conducted on silt-loam soils, the 
inhibition of raincrust formation and the slowing down of runoff velocity by the microphytic 
crust are stressed as mechanisms for the increased infiltration rates. Brotherson and 
Rushforth (1983) put forward three mechanisms whereby the microphytic crusts may reduce 
infiltration. Firstly, higher levels of silt associated with the crusts limit infiltration. Secondly, 
swelling gelatinous sheaths of the cyanobacteria act as barriers to infiltration and thirdly, air 
trapped beneath this sealed surface impedes water penetration. 
The relative effect of the microphytic crust upon infiltration seems to depend heavily on the 
texture of the underlying soil, a point stressed by Yair (1990). Given the coarse nature of the 
dune sand at Shapotou, it is not surprising that changes at the surface, through the 
formation of the microphytic crust and the accumulation of finer 'grey sand', result in 
declining infiltration rates. The data from Shapotou showed that the time taken for the 
infiltration of 500 ml of water through a 72 mm diameter ring infiltrometer increased from 64 
seconds on the mobile dune sand, to over 900 seconds on the heavily crusted sites (Table 
3.17). 
A progressive fining of surfaces associated with microphytic crusting has been commented 
on by several researchers (Loope and Gifford 1972; Kleiner and Harper 1977; Anderson et 
aL 1982), suggesting a link between the effects of the 'grey sand' layer and the microphytic 
crust on infiltration in dune sands. The relative importance of the microphytic crust and the 
6 grey sand'was examined at Shapotou. Bryophyte and cyanobacterial crusts showed similar 
infiltration rates. However, when the bryophyte crust was removed, infiltration was not 
significantly increased. When the cyanobacterial crust was removed, infiltration increased 
significantly, neady doubling (Table 3.17). This would imply that the bryophytes themselves 
do not have a significant effect upon infiltration, whilst cyanobacteria significantly retard 
infiltration. These differences could perhaps be explained by the different nature of the two 
crust organisms. The cyanobacteria form a 'skin' over the surface of the dune (Plates 3.6, 
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3.7), whilst the bryophytes grow in the surface layers (Plates 3.4,3.5). Swelling of the 
cyanobacteria on wetting blocks pores in the soil, reducing infiltration (Brotherson and 
Rushforth 1983). Another explanation is that cyanobacterial crusts were negatively 
correlated to 'grey sand' depth at Shapotolu (Table 3.15). The cyanobacteria are also 
associated with coarser textured 'grey sand' than the bryophytes (Figure 3.9). Thus, when 
cyanobacterial crusts are removed, the underlying 'grey sand' is generally coarser and 
thinner than when the bryophyte crust is removed and therefore restricts infiltration less. 
Cracks occur in the microphytic crust as a result of shrinkage during drying and these may 
initially maintain higher rates of infiltration. Alexander and Calvo (1990) found that cracked 
lichen crusts allowed rapid initial infiltration, which declined when crust swelling sealed the 
cracks. Cracks were noticed on crusts dominated by the cyanobacteria and infiltration was 
significantly more rapid on cracked crusts (Table 3.17). These cracks closed on wetting and 
may not, therefore, be effective in maintaining infiltration during a prolonged precipitation 
event, or during moist periods. 
Water erosion was observed on the stabilized dunes at Shapotou on 27 July and 5 August 
1994. Erosion was only observed where the dune surface was crusted and was not detected 
on the mobile dunes. This difference is likely to be due to the reduced infiltration rates 
associated with microphytic crusting and 'grey sand' development, which leads to runoff. 
However, whilst contributing to the generation of runoff, the protective role of the 
microphytic crust is evident. On gentle crusted slopes, evidence of runoff is seen in a 
sequence of eroded small pits of about 100-150 mm deep occurring at intervals down the 
slope (Plate 4.2). It appears that the runoff occasionally breaches the surface, but the crust 
is strong enough to prevent an extension of the breach and the rill formation. Steeper 
slopes, such as the south-facing leeward slopes, had a high density of rills and small gullies, 
where the crust had obviously been undermined (Plate 4.3). More rapid and erosive runoff 
from steep leeward slopes may explain these differences. Also the generally south-facing 
leeward slopes lack significant bryophyte cover. The bryophytes, where present, formed a 
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thick mat like crust, which would seem to offer greater resistance to water erosion than the 
thinner cyanobacterial crust. 
Apart from implications for runoff, changes in the infiltration capacity of the dune surface will 
have implications for dune vegetation. The heterogeneous nature of microphytic crust cover, 
composition, cracking and 'grey sand' depth, probably results in wide variations in infiltration 
rates across the surface of the stabilized dunes. Bond (1964) found that the pattern of 
moisture entry into sandy soils in South Australia was uneven, with moisture penetration 
being related to the degree of water repellence of the soil, with increased depths of 
penetration being found where soil was non-repellent. This uneven pattern of moisture 
penetration led to the development of a mosaic of bare and grassed areas. Whilst the 
pattern of moisture distribution, following rainfall, was not investigated at Shapotou, 
variations in infiltration rates across the surface of the stabilized dunes may result in a 
similar pattern of moisture penetration. Rainfall intensities were shown to exceed the 
infiltration capacity of the stabilized dune surface at Shapotou, leading to runoff, notably on 
27 July and 5 August 1994. Under these conditions, points at the dune surface with a 
infiltration capacity greater than rainfall intensity will absorb considerably more water than 
points where infiltration Gapacity is lower than infiltration Gapacity. 
4.4.2 'Subterranean dew' 
Several studies have shown nocturnal increases in the moisture content at the soil surface 
as a result of upward water vapour fluxes and condensation (Rose 1968a, b; Stark and Love 
1969). For the sake of clarity, this moisture will be referred to as 'subterranean dew' 
(Evanari 1971, Noy-Meir 1973). 
Evidence of similar night-time increases in dune surface moisture content were noted at 
Shapotou (Section 3.5). Direct measurements of moisture movement at the dune surface 
were not made, but measurements were made of the duration of 'subterranean dew' during 
the day. When mobile dune surfaces and stabilized dune surfaces were compared, a clear 
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relationship between age of stabilization and the duration of 'subterranean dew' was evident 
(Figures 3.6-3.8). Dune surfaces stabilized in 1964 remained moist for lengthier periods than 
dune surfaces stabilized in 1981 and mobile dune surfaces. As 'grey sand' thickness 
increases with time since stabilization (Table 3.4), the significant (ý = 0.47, p <0.01, n= 67) 
relationship between duration of surface wetness and 'grey sand' thickness (Figure 4.3), 
may go some way towards explaining the increased duration of surface wetness on older 
stabilized surfaces. 
Figure 4.3 Plot of 'grey sandthickness against time at which dune surface was recorded 
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The finer textured 'grey sand' holds moisture closer to the surface, where temperature 
fluctuations are greatest (Chen 1983), resulting in potentially more vapour distillation. 
Vapour fluxes are largely controlled by the thermal gradients within the soil and move in the 
direction of decreasing temperature (Rose 1968a, b; Scanlon 1992; Boersma 1993). Chen 
(1983) showed how the thermal Properties of the Shapotou dunes changed upon 
stabilization (Figure 4.4). The darker microphytically crusted stabilized dune surfaces have a 
lower albedo than the light coloured mobile dune surface, and as a result, stabilized dune 
surfaces are warmer during the day than mobile dune surfaces, with differences of 5cC 
being measured in July. Because of the lower bulk density of the stabilized dune surfaces 
(Table 3.7), thermal conductivity is reduced, resulting in lower night time surface 
temperatures (1-20C) than at the mobile dune surface. This creates steeper thermal 
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gradients (80C) across the surface 50 mm of the stabilized dunes than across the surface of 
the mobile dunes (60C), resulting in increased upward nocturnal vapour fluxes at the surface 
of the stabilized dunes and increased 'subterranean dew' (Figure 4.4). 
During the early part of the day, steeper thermal gradients in the mobile dune sand will 
result in greater downward vapour fluxes and more rapid drying of the dune surface (Figure 
4.4). Cheng and Kang (1990) also noted that the quantity of 'subterranean dew' was 
inversely proportional to grain size of the surface. After rainfall, the 'grey sand' layer is likely 
to be considerable moister than the mobile dune sand, due to its increased moisture holding 
capacity and this greater moisture could account for increased vapour movement. 
Figure 4.4 Temperature difference between dune surface and 50 mm depth on stabilized 
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Moisture from small showers in and areas is quickly evaporated and not utilised by plants 
and is thus 'ineffective', although microphytic crusts are able to utilise some of the moisture 
from these small events (Charley and Cowling 1968). Therefore, small frequent showers 
might be more significant to their growth and function than larger events. As shown, the 
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potential ecological importance of this process has been noted (Rose 1968b; Stark and Love 
1969; Cheng and Kang 1990; Danin 1991). Although some plants have been shown to utilise 
moisture from atmospheric dew deposition, it appears that the uptake of 'subterranean dew' 
is a more widespread process in sandy deserts (Danin 1991). The 'subterranean dew' is 
available to the microphytic crust, shallow rooting annual species (Cheng and Kang 1990) 
and shrubs (Stark and Love 1969) and may be of importanGe in the germination and early 
growth of seedlings (Rose 1968 b). 
Ecological implications of this 'subterranean dew' are also evident at Shapotou. The surface 
of shifting dunes typically dries rapidly after rainfall events. Seedling germination was 
significantly correlated with the duration of surface wetness in five of the six studies of 
surface drying (Table 3.15). Several studies have reported surface dwelling microphytic 
organisms survive when desiccated, but grow rapidly when moistened (Campbell 1979; 
Wang et al. 1981), particularly during lower light intensities (Levy and Steinberger 1986). 
The presence of moisture at the dune surface in the early morning, when the potential 
growth of these microphytes is high, would presumably be important. Indeed, the duration 
when the surface is moist may be of greater importance to the development of these 
surface dwelling crusts than the annual rainfall. Stark and Love (1969) believed that the 
absolute soil moisture was less important than the amount of daily delivery and 
condensation of water from distillation. In the light of this, it is surprising that few significant 
correlations were evident between the duration of surface wetness and microphytic crust 
cover at Shapotou (Table 3.15). 
4.4.3 Evaporation 
The effect of dune stabilization on evaporation was examined using m icro-lysi meters 
(Section 2.3.4). Microphytic crusting and 'grey sand' formation resulted in an increase in 
evaporative loss (Figure 3.8). The initial moisture contents of the m icro-lysi meters indicates 
that dune stabilization leads to an increase in the moisture holding capacity of the dune 
surface (Table 3.16). The moisture content of the stabilized dune micro-lysimeters (crusted 
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and scalped treatments) averaged 11.79%, compared to 4.17% for the dune sand micro- 
lysimeter. This is a direct result of the increase in aeolian fines at the stabilized dune 
surface. The moisture holding capacity noted for the dune sand was close to the 4.1% 
measured at Shapotou by Chen (1981). 
All treatments showed declining rates of evaporation throughout the first day of observation. 
On the second day, crusted and the scalped treatments showed a rapid rate of moisture loss 
between 0900 and 1300 hrs, which slowed later in the day (Figure 3.8). This increased 
evaporation on the morning of the second day was much less noticeable in the dune sand 
treatment. This increased evaporation on the morning of the second day indicates that 
moisture moved from the body of the m icro-lysi meters to the surface during the night, 
becoming available for evaporation the following morning. In light of the previous discussion 
(Section 4.3.2), vapour distillation may be partly responsible for this moisture movement. 
West (1990) considered the effect of microphytic crusts on evaporation to be under- 
researched. Much of the research that exists indicates that the crusts preserve moisture by 
reducing evaporation (Fritsch 1922; Booth 1941; Brother'son and Rushforth 1983). However, 
Harper and Marble (1988) showed evidence to the contrary, with significantly more 
evaporation on crusted than on scalped surfaces. This was considered due to the higher 
temperatures (up to 50C higher) of the darker coloured crusted surfaces. At Shapotou, Chen 
(1983) also found microphytically crusted dune surfaces up to 50C warmer than mobile 
dune surfaces. When evaporation from microphytically crusted and scalped treatments at 
Shapotou were compared over the two days, slightly more water was evaporated from the 
crusted than from the scalped surfaces (Table 3.16, Figure 3.8). 
The drying pattern of the crusted and the scalped surfaces looked broadly similar. However, 
an interesting difference can be seen between the drying pattern of the two surfaces on the 
second day of observations (Table 3.16, Figure 3.8). Between 0800 and 1600 hrs the 
moisture content of the crusted samples declined from 6.77 to 2.33%, whereas the moisture 
content of the scalped samples decreased from 6.26 to 2.95%. This greater evaporation 
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from the crusted treatments during the second day of the experiment might suggest that 
more moisture moved towards the surface overnight and became available for evaporation 
than in the scalped surface. As the only known difference between the treatments was the 
removal of the mi crophytic crust in the scalped treatment, the possibility that the microphytic 
crust may aid this movement of vapour to the surface and, therefore, increase evaporation, 
is suggested. 
Other research has indicated that evaporation decreases with dune stabilization. Tsoar and 
Moller (1986) showed that in mobile dune environments evaporation from exposed moist 
sand was a major source of moisture loss. In stabilized dunes, this moist dune sand is not 
exposed and evaporation is, therefore, reduced. Lower wind speeds on stabilized dunes also 
decreases evaporative loss. However, Shapotou results imply that the accumulation of 
aeolian fines at the stabilized dune surface and the development of the microphytic crust 
result in an increase in evaporation following dune stabilization. 
4.4.4 Dune moisture profile 
Pits were dug on mobile and stabilized dunes at Shapotou (Section 3.8.1), and observations 
made of the moisture profile. The mobile dune sand was dry at the surface and moist below 
a depth of 35-40 mm (Tables 3.21,3.22). In several of the pits on stabilized dunes (Table 
3.23,3.24), the sand at the pit base was drier than the sand lying immediately above, 
although it must be emphasised that this was not evident in all the observed pits. 
Two studies of dune moisture dynamics have shown that, following dune stabilization with 
vegetation, dune moisture content decreases (Gupta 1979; Liu 1988b). Gupta (1979) 
examined the moisture regime of dunes in the Indian desert and found that during the dry 
season, stabilized dunes lost water more rapidly and from a greater depth than the mobile 
dunes, The average moisture content of the stabilized dunes (0 - 1.8 m) declined from 2-3% 
at the end of the rains in September, to <1% in January. By contrast, the moisture content of 
the mobile dunes (0-1.8 m) declined from 5 to 3% over the same period. Moisture loss from 
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the stabilized dunes was predominantly due to transpiration, whilst moisture loss from the 
mobile dunes occurred as evaporation. Liu (1988b) summarised studies of the moisture 
regime of the dunes at Shapotou, which have been conducted since 1959. The moisture 
contents of the stabilized dunes declined noticeably as early as the first year of dune 
stabilization, due to transpiration. At this early stage of stabilization, the dunes were wetted 
to depths of over 2 rn during the rainy period (June - September). As dune stabilization 
progressed, the same dunes became increasingly drier. Average moisture content at 1m 
depth between 1982 and 1985 was 2.79% on the mobile dunes and only 0.86% on the 
dunes stabilized since 1956. In an average year, these stabilized dunes were only wetted to 
a depth of 0.6 m, and up to 1m in a humid year. 
The reason for this reduced wetting depth in older stabilized dunes, is the development of 
moisture retaining finer textured 'grey sand' at the dune surface. Therefore, whilst the 
overall moisture content declines with dune stabilization, the moisture content of the surface 
layers increases. This is especially noticed during moist summer months (Figure 4.5, Zhao 
1988b). 
Figure 4.5 Mean annual and June moisture content profiles of mobile and 1964 stabilized 
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4.5 DUNE SURFACE PROFILE MORPHOLOGY 
4.5.1 Pattern of fissuring in thin sections 
Thin sections of stabilized and mobile dunes surfaces were prepared and examined (Section 
2.4.6). Horizontal fissures were revealed in the samples of dune surfaces stabilized in 1964 
and 1956 (Plates 3.2,3.3,3.4,3.6), with little or no evidenGe of these fissures in thin 
sections of mobile dunes and dunes stabilized in 1981 (Plate 3.1). These fissures only 
occurred where the 'grey sand' and microphytic crust were well developed. There appeared 
to be a close link between the fissuring and the moisture status of the dune samples before 
impregnation and thin sectioning. Fissuring was only evident in thin sections prepared from 
air-dried sections (Plates 3.4,3.6). Given the intricate association between the microphytic 
crust and the 'grey sand', shrinking and swelling of the microphytic crust upon wetting and 
drying (Brotherson and Rushforth 1983) may explain fissuring in the air-dried samples. 
Whatever the cause, these horizontal fissures near the dune surface would be likely to have 
important implications on infiltration, evaporation and vapour distillation. If air in these 
fissures is trapped on wetting, infiltration is likely to be reduced (Evanari et aL 1971). The 
presence of the trapped air beneath the surface may also lead to decreased evaporation 
(Sullivan 1990), whilst increased air-filled pore space will also increase potential vapour 
distillation (Rose 1968a) and as a consequence 'subterranean dew'. 
4.5.2 Microphytic crust morphology in thin sections 
The thin sections revealed morphological differences between the bryophyte and 
cyanobacterial crusts. The bryophyte crust was -5 mm thick (Plates 3.4 and 3.5), whereas 
the cyanobacterial crust was harder to define and clearly formed a more superficial surface 
crust (Plates 3.6 and 3.7). The 'grey sand' associated with the bryophyte crusts (Plates 3.4 
and 3.5) also appeared finer textured than the 'grey sand' associated with the cyanobacterial 
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crusts (Plates 3.6 and 3.7). This observation is supported by particle size analysis of the 
microphytic crusts (Table 3.19). 
4.5.3 Aggregation and particle binding under SEM 
SEM observations of in-situ dune profile samples showed an increase in particle 
aggregation since stabilization. This aggregation of particles was evident in the stabilized 
dune profiles, but were absent from the mobile dune profile. Particle aggregation was 
observed only at the surface (5 mm) of the 1981 profile (Plate 3.10 and 3.12), but was seen 
at greater depths (65 mm) in the 1964 and 1956 profiles (Plates 3.11 and 3.13). All particle 
aggregation was associated with finer textured 'grey sand'. Forster (1981b) noted a close 
relationship between the increasing stability of dunes and aggregation and showed that 
much of this increase in aggregation was due to microbial activity. The aggregation of the 
particles by microbes was either mechanical through the trapping and binding of particles by 
the hyphae of mycorrhizal fungi, or chemical, through the production of sticky 
polysacchaddes, to which particles adhered (Forster 1981b). SEM observations of the 
stabilized dune profiles at Shapotou indicate that aggregation through both mechanical and 
chemical means occurred. The cyanobacteria are able to 'spin a web' of hyphae around 
particles, binding them together mechanically (Campbell et aL 1989) (Plates 3.8,3.9,3.10 
and 3.11). The presence of these hyphae at depth (65 mm), indicates that the binding effect 
of these hyphae continues after their death (Plate 3.11). Campbell et aL (1989) showed that 
cyanobacteria are positively photoactive and grow toward light. At Shapotou, it seems that 
as the 'grey sand' develops as a result of aeolian deposition, so the cyanobacteria migrate 
upwards, consolidating the 'grey sand'. 
Other aggregates were evident and did not appear directly associated with microbial 
hyphae. These aggregates appear as larger sand particles bound together by bridges of 
finer silt particles and were found on all the stabilized dune surfaces, most notably at the 
surface of the 1981 stabilized dunes (Plate 3.12). The mode of formation of these 
160 
aggregates is unclear, although the production of polysaccharides by soil micro-organisms 
and roots (Forster 1979, Forster and Nicolson 1981 a) is a possibility. 
Although studies have shown aggregation to increase with dune stabilization (Forster 1979, 
Forster and Nicolson 1981a, b), the actual increases in aggregation were small. Forster and 
Nicolson (1981 b) found aggregates increased from 12.5 mg kg-1 on foredunes to 1100 mg 
kg-1 on early fixed dunes. In these studies, no change in the particle size distribution of the 
dune surface was noted during dune stabilization. The dramatic increase in silt and clay 
particles at the surface of the Shapotou dunes would probably encourage the formation of 
aggregates. Bailey et aL (1973) speculated that increased aggregation may be of some 
importance in improving the physical properties of the dune sand as a medium for plant 
growth. The binding of the surface particle by cyanobacterial filaments was also shown to 
dramatically reduce wind erosion (Williams et aL 1995a). Therefore, the increased 
aggregation of stabilized dune surfaces witnessed under SEM may, therefore, be significant 
in both improving the dune surface condition and protecting the dune surface from deflation. 
4.5.4 Dune profile morphology 
Pits were dug to examine dune surface morphology in the field (Section 3.8.1). The 
accretionary nature of the 'grey sand' is evidenced by the succession of alternating bands of 
grey, orange and black material (Tables 3.22,3.24 and 3.26). It is assumed that these 
bands are composed of deposited dust, dune sand and microphytic crust, respectively. This 
implies successive episodes of aeolian deposition and consolidation by the microphytic 
crust. Similar layering was witnessed in one of the thin sections (Plate 3.1). Interestingly, 
this banding was only observed in the windward slope pits and not in the dune hollow pits 
(Tables 3.23,3.25 and 3.27). The pattern of deposition in these dune hollow pits may have 
been complicated by the addition of material washed from the leeward and windward slopes 
during runoff events. 
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4.6 VEGETATION DYNAMICS 
The vegetation dynamics of dune stabilization at Shapotou were characterised through a 
number of surveys, covering different ages of dune stabilization. The dune vegetation was 
not diverse, with seldom more than five vascular plant species being present in the same 1 
m2 quadrat. For the purpose of this discussion, the dune vegetation has been divided into a 
three tier system of shrubs, annuals and the microphytic crust. The relationship between the 
changing environment of the stabilized dunes and the dune vegetation was also examined. 
4.6.1 Microphytic crust dynamics 
4,6,1.1 Microphytic crust fonnation 
The importance of surface stability as a prerequisite to microphytic crust formation is 
evident at Shapotou. Whilst the microphytic crust can be an effective surface stabilizer, the 
crust does not appear to act as the initial stabilizing agent. The dune surface itself must be 
sufficiently stable in order for crust development. In a similar study in Israel, Danin (1991) 
hypothesised that in order for the microphytic crust to stabilize dunes, heavy rainfall events 
are important. This 'pulse of rainfall' leads to a high surface cover by annual plants which 
temporadly stabilize the surface and trap finer aeolian particles, allowing the invasion and 
secondary stabilization by microphytic crusts. At Shapotou initial stabilization of the dunes 
was by the straw checkerboards and planted shrubs. This encouraged subsequent 
stabilization by the microphytic crust. 
The deposition and accumulation of dust at the dune surface increases the percentage of 
fines and by increasing the moisture holding capacity of the dune surface, encourages 
microphytic crust growth and development. Danin (1991) suggested that a threshold of at 
least 4- 5% fines (silt + clay) was required for microphytic crust growth. The mobile dune 
sand at Shapotou contained 2.3% fines (< 56 /im) (Table 3.9), indicating that microphytic 
crust development would only be possible following the addition of aeolian fines. 
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The most recently stabilized dunes at Shapotou become covered with a crust which is not 
immediately recognisable as being microphytic, but similar to the young microphytic crusts 
reported by Danin (1991). This crust is light grey, fragile, composed of fine particles and 
resembles a rain crust (Plate 4.4). Initially, no evidence is seen at the surface of any 
microphytic organisms. However, this initial crust may act as a substrate for microphytic 
crust colonisation. If this crust is lightly scraped with a scalpel, the underlying crust has a 
faintly green colour, evidence of initial microphytic crust growth. Initially young 
cyanobacteria colonies live just below the surface, until they develop a dark pigment which 
protects them from direct sunlight (Abeliovich and Shilo 1972; West 1990) (Plate 4.5). 
Textural analysis of microphytic crusts, clearly showed that the development of the 
cyanobacterial crust is positively associated with a fining of the surface (Figure 3.9). Organic 
matter content and percent fines (<56 pm) were closely correlated in cyanobacterial crusts. 
Whilst the microphytic crust needs a threshold of fines in the surface sediment to 
commence growth, the microphytic crust has also been shown to increase the proportion of 
fines around it, by growing over the deposited dust. Deposited particles are trapped when 
the surface is wet and 'sticky', therefore, creating a finer and more moisture retentive 
surface in the vicinity of the crust, which in turn promoted greater growth (Cameron and 
Blank 1966). 
The improvement of the dune surface condition under the cyanobacteria appears to 
encourage the invasion of bryophytes (Plate 4.6). As seen in Figure 3.9, the cyanobacterial 
and bryopyhte crusts are quite different, with bryophyte crusts being finer and containing 
considerably more organic matter than the cyanobacterial crusts. Bryophyte cover, whilst 
never as great as cyanobacterial cover except in distinct localities, increased from 0.2% in 
the 1981 stabilized dunes to 5.3% in the dunes stabilized in 1956, whilst the cyanobacterial 
cover increased from 3.5% to 11.9% over the same period (Table 3.30). However, total 
cover of the cyanobacterial crust was greater than this, if the primitive cyanobacterial or 
I grey crust, which amounted to 53% and 44% of the surface cover in 1981 and 1964 
respectively, is included (Table 3.30). 
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Plate 4.5 Cyanobacterial crust showing dark pigmentation (Shapotou 1981 stabilization) 
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Plate 4.6 Bryophyte crust on stabilized dunes at Shapotou (grass species is Eragrostis 
poaeoides). 
Plate 4.7 Microphytic crust on Shapotou dunes stabilized in 1956 (note the bryophyte 
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The bryophytes are far more patchy in their cover, and show a tendency to develop in moist, 
north-facing and shaded locations, whilst the cyanobacteria remained dominant in other less 
ecologically favourable localities (Figures 3.16-3.21) (Plate 4.7). The ability of cyanobacteria 
to grow in extreme physical conditions (Stewart 1973), makes them ideal initial colonizers, 
as they have been found to be in other studies (Campbell et a/. 1979), preparing the way for 
invasion by other species. An important role of the cyanobacteria at later stages of dune 
stabilization is their continued stabilization of less ecologically favoured locations (south 
facing and exposed sites). 
In the later stages of stabilization, the microphytic crust becomes increasingly 
heterogeneous, with the growth of cushion-forming mosses (Plate 4.7) and invasion by 
annual species. The bryophytes were shown to substantially increase the tensile strength of 
the crust. Whilst the Gover afforded by the cyanobacteria and the binding of particles are 
effective in stabilizing the surface against deflation (Tsoar and Moller 1986), cyanobacterial 
crusts remain very vulnerable to destruction from trampling. The penetrometer resistance of 
the crusts increased from 0.6 - 0.7 kg CM-2 for the cyanobacterial crusts to 1.5 kg CM-2 for 
crusts containing at least 50% bryophytes (Table 3.18). This indicates that the 
cyanobaGterial crusts are more vulnerable to surface disturbance than bryophyte crusts. 
However, Anderson et aL (1982) showed that grazing reduced cyanobacterial cover by 
-20%, whilst bryophyte cover was reduced by 95%. It would seem that whilst the 
eyanobaGterial crust is not as physically strong as the bryophyte crust, it is able to recover 
more rapidly from disturbanGe. 
4.6.1.2 Effects of microphytic crust on dune hydrology 
As already discussed, the microphytic crusts at Shapotou have a profound effect upon dune 
hydrology (Sections 4.3.1,4.3.2 and 4.3.3). However, many of the effects of the microphytic 
crust are difficult to isolate from the effect of the accumulated 'grey' sand. 
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The dunes at Shapotou are becoming increasingly drier with time since stabilization (Zhao 
1988b). The most obvious reason for this is that the moisture stored in the shifting dunes is 
transpired by the planted vegetation, as proposed by Gupta (1979). However, whilst this is 
almost certainly an important reason for the reduction in dune moisture, the reduced depths 
to which moisture penetrates, caused by the microphytic crust and the 'grey sand', results in 
a reduction in the recharge of dune moisture. This compounds the depletion of the deep 
dune moisture through transpiration. If the crusts contribute to the decline of the shrubs, this 
then raises the question of how desirable the hydrological effects of the microphytic crusts 
are to desert dune stabilization. 
4.6.2. Shrub dynamics 
After establishment and growth, the surface cover afforded by shrubs on the stabilized 
dunes at Shapotou declines with time. Shrub cover declined from 11.9% on dunes stabilized 
in 1981 to 3.2% on 1956 stabilized dunes (Table 3.28) (Plates 4.8 and 4.9). The reduction in 
the moisture status of the stabilized dunes appears to be largely responsible for this 
decline in shrub cover. Kobayashi et aL (1995), compared stands of Artemesia ordosica 
from mobile, semi-stabilized and stabilized dunes. The moisture content of the dunes 
declines as stabilization increased. Whilst the cover of Artemesia ordosica was highest on 
the stabilized dunes, individual plants were larger and growth rates more rapid on the mobile 
dunes. Density of Artemesia ordosica seedlings was greatest (2.77 m-) on semi-stabilized 
dunes, and only (0.13 m-) on the stabilized dunes. Transpiration measured on a summer 
day totalled 0.67,2.0 and 1.0 mm for the mobile, semi-stabilized and stabilized dune 
surface respectively, indicating that after an initial increase, transpiration decreased as the 
dune stabilization process progressed. Kobayashi et aL (1995) considered that the differing 
patterns of growth in the three stands of Artemesia ordosica were a result of a reduction in 
moisture content. This came about through increased transpiration and an increase in 
evaporation from the stabilized dune surface. This increase in evaporation was due to the 
development of a fine textured moisture retentive topsoil on the stabilized dunes. Kobayashi 
et aL (1995) also pointed out that the best condition for Artemesia ordosica establishment 
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Plate 4.8 Shapotou dunes stabilized in 1981 (pattern of shrub planting evident). 
at 
JW 
Plate 4.9 Shapotou dunes stabilized in 1956. 
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was semi-stabilized dunes. On mobile dunes seeds were blown away or buried too deeply, 
whereas on stabilized dunes, seeds were not buried at all. 
The condition of the shrubs was poorer on the stabilized dunes than the mobile dunes at 
Shapotou (Table 3.29). Whilst the shrubs on the mobile dunes contained no dead branches, 
most shrubs on the stabilized dunes showed some degree of senescence. On dunes 
stabilized in 1964 and 1956, dead shrubs considerably outnumbered living shrubs. These 
findings are similar to those of Kobayashi et aL (1995), where the dead-shoot percentage of 
Artemesia ordosica increased with increasing dune stabilization. This was explained by the 
increase in the mean age of Artemesia ordosica shrubs from two years on the mobile dunes 
to four and eight years on the semi-stabilized and stabilized dunes respectively (Kobayashi 
et aL 1995). 
Shen (1988) related the cover of three planted shrub species to 'grey sand' thickness at 
Shapotou. Whilst all three species eventually declined with increased 'grey sand' thickness, 
Artemesia ordosica reached maximum cover at a 'grey sand' thickness of -30 mm 
(Figure 4.6). The relationship between shrub cover and 'grey sand' thickness appears to be 
one of negative feedback. By reducing surface wind velocities, shrubs encourage the 
deposition of dust. At Shapotou, shrubs were associated with significantly thicker'grey sand' 
on the 1981 dune stabilization (Figure 3.4). However, it would appear that this increased 
'grey sand' thickness is associated with an eventual decrease in shrub cover. The 'grey 
sand' layer holds more moisture close to the dune surface, and reduces the percolation of 
rainwater to the shrub rooting depth. 
On the older stabilized dunes at Shapotou, Artemesia ordosica is the dominant shrub 
species, and appear to be the capable of propagation. A seed bank study by Liang and 
Wang (1993) on 1956 stabilized dunes at Shapotou, found the ratio of Artemesia ordosica, 
Hedysarum scopaiium and Caragana korshinskii seeds on the stabilized dunes to be 
17000: 208: 1, respectively. This dominance of Artemesia ordosica can be explained by 
examining the root systems of the shrubs (Shi 1993, Liu et aL 1988). The deeper rooting 
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(>4 m) Hedysarum scoparium and Caragana korshinskii recede from the stabilized dune 
surface with the declining moisture content of the deeper dune sand, whilst the shallower 
rooting (<1 m) Artemesia ordosica is able to extract water from the increasingly moisture 
retentive upper dune layers. 
Figure4.6 Relationship between shrub cover and 'grey sand'thickness at Shapotou (Shen 
1988) (n = 41). 
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A number of researchers have commented on an 'inverse texture' effect in and areas, 
namely that higher vegetation coverage is noted on coarse textured soils (Walter and 
Stadleman 1974; Noy-Meir 1973; Tsoar and Moller 1986). At Shapotou, the shrubs are 
planted into coarse textured dune sand, which becomes finer textured with the addition of 
aeolian fines. It appears that the shrub vegetation brings about and reacts to this changing 
surface condition. 
Rapid establishment of planted shrubs was observed at Shapotou. Shen (1988) reported a 
shrub cover of up to 30% was achieved within four year's of planting. Zollner (1986), in a 
study of dune stabilization in Somalia, reported dune vegetation cover to increase from 5 to 
29% within 18 months of stabilization. Survival of planted tree seedlings averaged 86%. 
Those seedlings which died were either buried or removed by wind. Watson (1985) found a 
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close correlation (p < 0.025) between the death of trees and sand accumulation. Therefore, 
it appears that planted vegetation can rapidly establish on dunes where efforts have been 
made to control sand movement. At Shapotou, this took the form of the straw checkerboard 
and fences. 
Both Zollner (1986) and Watson (1985) comment on the uncertainty as to the long term 
success of vegetated sand dune stabilization. The importance of totally excluding livestock 
from the stabilized dunes was emphasised (Zollner 1986), as is practised at Shapotou. 
Research from Shapotou (Liu 1988b) and India (Gupta 1979) has shown that the moisture 
content of dune sand declines with stabilization, due to utilisation by shrubs. Therefore, it 
appears that the reservoir of easily available moisture in mobile dunes encourages rapid 
shrub growth. The coverage of shrubs achieved within the first few years after stabilization 
cannot be sustained by annual rainfall and once this reservoir of moisture is depleted, shrub 
cover declines to more sustainable levels. 
Concern over the declining shrub vegetation at Shapotou has led to proposals for limited 
disturbance of the dune surface, in order to encourage shrub growth (Shen 1988; Xu 1994). 
By disturbing the crusted dune surface, Xu (1994) considered that rainfall penetration could 
be increased, allowing more moisture to reach the shrub root zone, and reducing 
evaporative losses from the surface. Seeds were also more likely to be buried at a depth 
where Gonclitions were more suitable for germination. Whilst no detailed researGh into 
surface disturbance at Shapotou has been reported, the author witnessed an experiment 
where the microphytic crust was removed from half of the experimental plot. Caragana 
korshinskii shrubs in the experimental area were pruned, and regrowth monitored. Crust 
removal, resulted in considerably more shrub regrowth (Plates 4.10 and 4.11). Canonical 
correspondence analysis revealed that surface disturbance was positively related to the 
distribution of Artemesia, ordosica seedlings on the dunes at Shapotou (Figure 3.22), 
indicating that controlled surface disturbances might promote the germination of Artemesia 
ordosica. 
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Plate 4.10 Regrowth of Caragana korshinskii from stump following removal of microphytic 
crust (Shapotou 1964 stabilization). 
Plate 4.11 Regrowth of Caragana korshinskii from stump, where microphytic crust was not 
removed (Shapotou 1964 stabilization). 
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4.6.3 Annual species dynamics 
Whilst the cover afforded by shrubs declined with time since stabilization, the cover afforded 
by annual species increased from 3.8% on dune stabilized in 1981 stabilized dunes, to 
12.7% on the dunes stabilized in 1956 (Table 3.30). On dunes stabilized in 1964 and 1956, 
annual species coverage was greater than that afforded by shrubs. 
The changing dune moisture regime appear to be of considerable importance in determining 
the cover of annual species. According to Danin (1978), the moisture regime of the upper 10 
mm of soil had the strongest effect on the germination of annuals. The germination of 
seedlings was shown to be significantly correlated with both 'grey sand' thickness and 
'subterranean dew' duration, both in themselves closely related properties (Table 3.15), 
which seems to indicate the importance of surface moisture for annual vegetation. 
The increase in annual species cover with time since stabilization was almost entirely due to 
the increase in the grass species Eragrostis poaeoides (Plate 4.12). which accounted for 
only 12% of total annual species cover on dunes stabilized in 1981. This fraction rose to 65 
and 82% on dunes stabilized in 1964 and 1956, respectively. The cover afforded by the 
other annual species did not show any dramatic increase with time since stabilization, with 
some species (Le: Corispertnum sp. ) declining at the later stages of dune stabilization. 
4.6.4 Canonical correspondence analysis (CANOCO) of non-planted dune vegetation 
CANOCO analysis revealed that time since stabilization and straw at the dune surface 
exerted considerable influence over the distribution of dune vegetation at Shapotou. Time 
since stabilization essentially can be taken to represent the progression of the dune 
stabilization, whilst straw at the surface is indicative of disturbance (as a result of re- 
checkerboarding). When the species-environment biplot is examined (Figure 3.22), the 
straw at the surface does not pull in an opposite direction to time since stabilization, but 
rather at an almost perpendicular angle. 
173 
Apart from Eragrostis poaeoides, every other vascular species within the biplot is negatively 
correlated with time since stabilization. This implies that in the absence of surface 
disturbance, the vegetation increasingly comprises species such as Eragrostis p0aeoides 
and the microphytic crust species, which are positively correlated with time since 
stabilization. 
The microphytic crust species are negatively correlated with straw at the surface. Other 
recent research has clearly demonstrated the sensitivity of the microphytic crust to surface 
disturbance (Anderson et aL 1982; Harper and Marble 1988; BeInap 1995). Bryophytes were 
especially sensitive to surface disturbance (Anderson et al. 1982). Four of the vascular 
species (Bassia dasyphylia, Artemesia ordosica, Salsola sp. and Stflopnolopis centiflora) 
were positively correlated with straw at the surface. The reaction of these species to surface 
disturbance is similar to the findings by Mcllvanie (1942), where seedlings were 
successfully established on the heavily grazed sites, but failed to germinate on protected 
sites. McIlvanie (1942) postulated that the microphytic crust on the protected site prevented 
contact between the seed and the mineral soil. 
Of particular interest to the research at Shapotou is a finding by Eckbert et a/. 1986 that 
heavy trampling favoured Artemesia tridentata establishment. Of all the species in the biplot 
(Figure 3.22), Artemesia ordosica was the most positively correlated with straw at the 
surface. Therefore, it appears that limited surface disturbance, as proposed by Shen (1988) 
and Xu (1994), would increase the cover afforded by Artemesia ordosica. A study of the 
effect of grazing on dune vegetation at Yanchi showed a positive response of many species, 
also found at Shapotou, to grazing pressure (Table 3.33). The cover of Bassia SP., 
Cofispermum sp. and Salsola, sp. was higher on grazed quadrats than on protected 
quadrats. This supports evidence from Shapotou that these species respond positively to 
surface disturbance. 
174 
4.6.5 Vegetation as dune stabilizing agents 
4.6.5.1 Microphytic crusts as dune stabilizers 
The microphytic crusts at Shapotou showed an impressive ability to resist deflation. During 
a severe storm in 1993, known as the 'May 5 storm', wind speeds of 25 M S-1 were 
measured at Zhongwei, 20 km from Shapotou (Zhao 1994). No widespread deflation of the 
stabilized dunes at Shapotou was recorded. The stabilizing importance of the microphytic 
crust is highlighted by the high degree of surface cover which they afford at Shapotou. If the 
'grey crust' is included, the microphytic crust covers at least 55% of the dune surface, with 
cover in places being almost complete (Table 3.30). This was especially important where 
the vascular vegetation cover was low, as in the case of the leeward slopes. The ability of 
the cyanobacteria to grow in less favourable environments is a valuable stabilizing attribute. 
The microphytic organisms also binds the surface particles into the crust, thus preventing 
their deflation (Campbell et aL 1989). A combination of chemical (polysaccha ride) and 
physical (hyphae) forces bind the particles. The binding of particles with hyphae was clearly 
evident in 'in-situ' samples under electron microscope (Plates 3.8,3.9,3.10 and 3.11). 
Increased aggregation was also evident under electron microscope (Plates 3.12 and 3.13), 
possibly indicating the binding of particles by polysaccharide gums emitted from the 
cyanobacteria. 
The microphytic crusts are able to survive in a desiccated state for long periods of time and 
still afford protection to the surface. The microphytic crust appears to be able to utilise 
moisture from small showers and 'subterranean dew', which would not to be utilised by 
higher vegetation. 
The decline in shrub cover at Shapotou from 11.9% in 1981 to 3.2% in 1956, increases the 
relative importance of the microphytic crusts as surface stabilizers. The erratic nature of 
annual rainfall totals, means that annuals would not form reliable surface stabilizers. 
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However, whilst the relative importance of the microphytic organisms may increase, the 
crust's lack of resistance to disturbance leaves the surface vulnerable to deflation when 
disturbed, although at present the dunes at Shapotou are protected from grazing. 
Evidence from Shapotou indicates that the microphytic crust and the associated 'grey sand', 
which it effectively stabilizes, restrict the growth of shrubs by limiting deep percolation. 
Removal of the microphytic crust resulted in an increase in shrub growth (Plates 4.3,4.4). 
Therefore, it appears that the surface protection afforded by the microphytic crusts and the 
shrubs, whilst complementary are also to some extent mutually exclusive. 
4.6.5.2 Annuals as stabilizers 
The importanGe of the annuals in dune stabilization, appears to be limited by their low 
degree of surface cover, which because of dependence on seasonal rainfall is 
unpredictable. However, the surface is covered by a considerable amount of lifter, much of 
it from these annual species (Table 3.28). Surface stability may be promoted in other ways, 
through the development of a root system and through additions to the soil organic matter. 
The positive relationship between many of the annual species and surface disturbance 
(Figure 3.22) is significant, as disturbance of the crust would might possibly leave the 
surface vulnerable to deflation. Therefore, annual species may be important in the 
protection of disturbed areas, and act as an insurance against disturbance, by germinating 
and protecting the dune surface following disturbance. 
4.6.5.3 Shrubs as dune stabilizers 
The combination of the straw checkerboard and the shrubs proved an effective method of 
dune stabilization at Shapotou. The moisture held in the newly stabilized dunes is readily 
utilis, ed by shrubs, allowing rapid growth. These shrubs protect the surface, through the 
reduction of surface wind speeds, although never reaching a level of cover considered 
sufficient to totally prevent deflation. Wasson and Nanninga (1986) considered a vegetation 
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cover of 35% to be necessary to prevent deflation. The decline in the shrub cover at 
Shapotou occurs due to declining dune moisture and the difficulty in propagation. In the 
1956 and 1964 stabilized dunes, the dead shrubs far outnumbered living shrubs and may 
indeed be more important in protecting the surface. The stabilizing role of dead vegetation 
was acknowledged by Gibbens et a/. (1983) and Wolfe and Nickling (1993). Artemesia 
ordosica appears to the most well adapted of the shrubs to the conditions afforded by the 
stabilized dunes at Shapotou. Many small seedlings of Artemesia ordosica are evident on 
dunes stabilized in 1964 and 1956. The establishment of these seedlings appeared greater 
where the crust had been disturbed. So whilst the cover of Artemesia ordosica may have 
declined from planting, seedlings of the species may provide a protective cover in response 
to episodes of crust disturbance. 
Wolfe and Nickling (1993) proposed three ways in which vegetation protects the surface. 
Firstly, by covering and protecting it from the action of the wind. Secondly, by reducing the 
force of the wind near the ground and thirdly by trapping dust particles. The vegetation at 
Shapotou works in all these ways, through the combined action of shrubs, annuals and the 
microphytic crust. In the later stages of stabilization, with the reduction in shrub cover, the 
protection afforded by higher vegetation is reduced, increasing the relative importance of 
the microphytic crust. 
4.7 A MECHANISTIC MODEL OF DUNE STABILIZATION AT SHAPOTOU 
The following model (Figure 4.7) is based on the model devised by Zhu et aL (1988) (Figure 
1.2). It has been adapted to take into consideration additional processes and interactions 
which have been investigated and discussed during this research programme. 
The model 
details the dune stabilization process from mobile dunes, through the stage of 
'artificially 
maintained' stabilization, to a point of 'naturally maintained' stabilization. 
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Dune vegetation at Shapotou was responding to changes in dune hydrology. This is 
reflected in the model, where the stabilization process lead to a decline in the moisture 
content of deeper dune sand, resulting in reduced shrub cover. Increased moisture retention 
at the dune surface, encouraged colonization by microphytic crust and annual species. 
The role of aeolian deposition is highlighted in the model. The stabilization measures reduce 
surface wind speeds, leading to the retention of aeolian deposits. The enrichment of the 
dune surface with aeolian sediment increases moisture holding capacity, thereby 
encouraging the formation of a cyanobacterial crust which protects the deposited sediment. 
Disturbance of the dune surface is included in the model (Figure 4.7). The microphytic crust 
appears to act as a barrier between the seed and the underlying soil, thus limiting seed 
germination. This is the case for all species present with the except Eragrostis poaeoides. 
Disturbance, by human trampling or animal burrowing, breaks the microphytic crust and 
buries seeds to an depth which allows germination. Surface disturbance was an important 
factor determining the spatial distribution of many annual species. 
Pandy and Rokad (1992 p. 292) concluded that "dune stabilization is initiated by physical 
forces and that the process is favoured and promoted by biotic forces. " Likewise at 
Shapotou, the initial 'artificial' stabilization of the dunes leads to subsequent 'naturally 
maintained' stabilization. The initial stabilizing measures are superseded by the 
development of a vegetation community dominated by an extensive microphytic crust. 
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Figure 4.7 Mechanistic model of dune stabilization at Shapotou 
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Conclusions 
1) Aeolian deposition plays a key role in the dune stabilization process at Shapotou. 
Between September 1993 and July 1994, a mean deposition of 318 g M-2 was 
recorded, with a mean particle diameter of 53 /im. This high level of deposition 
appear's to be typiral of desert dune environments. 
2) The rate of aeolian accumulation at Shapotou was estimated by particle size analysis 
at between 800 g m-2 y-1 on the dunes stabilized in 1956 and 2000 g m-2 y-1 on dunes 
stabilized in 1981. The spatial pattern of this aeolian accumulation is variable, being 
determined by vegetation, distance from the stabilized dune margin, topography and 
subsequent reworking of the deposited dust. Dust traps revealed a topographic 
pattern of deposition which differed considerably from the pattern of 'grey sand' 
thickness. It appears that topography influenced the spatial pattern of aeolian 
accumulation, not primarily through modification of wind flow, but indirectly through 
influenGe, over vegetation cover. 
3) The accumulation of aeolian fines encouraged the formation of a microphytic crust. 
The aerial coverage of the microphytic crust is considerable and provides a degree of 
surface protection that could not be afforded by vascular vegetation alone. The 
microphytic crust is of particular importance where locally harsh environmental 
conditions (i. e.: dune crests, south facing slopes) result in reduced vegetation cover. 
As stabilization progresses, the microphytic crust becomes increasingly diverse with 
the invasion of bryophytes. 
4) The accumulation of deposited dust results in the formation of a darker coloured 
surface layer, or 'grey sand. This grey sand layer developed at between 1.3 and 1.87 
mm y-1 on the stabilized dunes. This 'grey sand' layer was significantly finer textured, 
less dense and higher in organic matter than the underlying dune sand. 
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5) The hydrology of the mobile dunes was altered radically following stabilization. The 
microphytic crust and 'grey sand' significantly reduced infiltration, resulting in 
localised runoff and erosion. Evaporative losses increased due to the formation of an 
increasingly moisture retentive 'grey sand' layer. Whilst atmospheric dew was 
apparently insignificant during the summer months at Shapotou, considerable wetting 
of the dune surface by condensation of nocturnally distilled dune moisture or 
'subterranean dew' was observed. This 'subterranean dew' persisted at the dune 
surface for longer periods on older stabilized dunes. 
6) Vascular plant vegetation shows considerable changes over the course of dune 
stabilization at Shapotou, and appears to be responding to changing dune hydrology. 
A succession from deep rooted shrubs to shallow rooted annuals was evident. The 
ready supply of easily available moisture at the time of dune stabilization encourages 
rapid shrub establishment and growth. However, the utilisation of this moisture by 
planted shrubs and a reduction in deep percolation, following the formation of the 
'grey sand' layer, results in the desiccation of deeper dune sand with time. The 
increasingly moisture retentive 'grey sand' favours annuals, whilst the gradual 
desiccation of the deeper sand leads to a recession in shrub cover. 
7) Dune vegetation analysis at Shapotou revealed that it responded to temporal changes 
in the dune environment brought about by the stabilization process and the spatial 
pattern of localised disturbance. Ordination techniques showed a progression of 
vegetation stands from mobile dunes to the dunes stabilized in 1956. Microphytic 
crust species and the grass Eragrostis poaeoides responded positively to changes 
associated with the process of dune stabilization, whilst Pugionium dolabratum 
responded negatively. A number of other annuals species responded positively to 
surface disturbance. It is proposed that whilst the development of the 'grey sand' 
encouraged invasion by annual species, the microphytic crust limited germination, by 
preventing contact between the seed and sand. Increased disturbance of the 
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microphytic crust by local fauna and human trampling encourages these annual 
species, by creating a more diverse seedbed. 
Dune stabilization progresses from an 'artificial' to a 'naturally maintained' phase. 
Initially straw checkerboards stabilize the dune surface by reducing wind velocity and 
increasing surface roughness. These checkerboards remain effective for only a few 
years, but allow the establishment of planted shrubs, which further reduce wind 
velocity and encourage aeolian deposition. This initial stabilization of the dune 
surface allows the development of an extensive microphytic crust, which protects 
inter-shrub spaces from deflation. The microphytic crust becomes an increasingly 
significant agent in dune stabilization, as planted shrub cover decreases. Annual 
species cover, which increases with time, is dependent upon annual rainfall and 
cannot, therefore, be relied upon as an effective stabilizing agent. However, the litter 
from previous years growth provides an increasingly significant surface cover and the 
positive relationship between disturbance and the appearance of many annual 
species may act to remedy instability caused by localised disturbance. 
9) The stabilized dunes at Shapotou are protected from grazing and this favours 
microphytic crust development. The desiccation of the dunes has led researchers to 
consider disturbing the surface in order to encourage deeper percolation and 
encourage shrub regeneration. Attempts to do so should be conducted carefully 
regarding the timing, extent and intensity of any disturbance. It seems unlikely that 
shrub cover on the stabilized dunes at Shapotou would ever be sufficiently extensive 
to provide effective stabilization in the absence of the microphytic crust. 
10) Much Gan be leamt about dune stabilization dynamics at Shapotou. The progress of 
vegetated dune stabilization can be monitored over a 40 year period, at various 
stages of dune stabilization. The extent to which principles of dune stabilisation 
developed at Shapotou are applicable to other dune stabilization projects 
is 
problematic. One of the overriding principles of dune stabilization 
in China is that 
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stabilization techniques must be adapted to local conditions. The local conditions at 
Shapotou which need to be borne in mind include climate, dune form and orientation, 
aeolian deposition, grazing management and stabilization method. 
11) Aeolian deposition and the formation of a microphytic crust are of great significance 
to vegetated dune stabilization. These factors were not considered at the initiation of 
dune stabilization at Shapotou. Most vegetated dune stabilization projects focus on 
the establishment of a shrub vegetation cover. Experience at Shapotou and 
elsewhere indicates that this may be achieved relatively rapidly. However, once 
reserves of deep dune moisture are exhausted, the shrub cover is not sustainable 
and declines to a level sustainable from annual precipitation input only. This 
sustainable degree of shrub cover may be sufficient to protect the dune surface 
adequately in semi-arid environments. However, in and environments, where 
potential shrub cover is lower, the protection afforded by the microphytic crust is vital. 
Where annual rainfall is too low for microphytic crust growth, it is unlikely that 
vegetative dune stabilization is feasible. Whether the later colonisation by annual 
grasses will lead to further stages in suGGession and the establishment of new 
vegetation types remains to be seen. 
12) Vegetated dune stabilization has a limited life span, due to the intrusion of dune sand 
and, therefore, needs continual maintenance to remain effective. The maintenance of 
an effective dune stabilization is a testament to the skill, dedication and endeavour of 
the scientific community and local inhabitants of Shapotou. 
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Survey 1: Grey sand thickness, annual species cover, shrub cover and condition at Shapotou 
(for shrub condition, a= alive, d= dead, a/d = mixture of alive and dead shrubs). 
1956 stabilized dunes (n = 149) 1964 stabilized dunes (n = 143) 1981 stabilized dunes (n = 143) 
'Grey Sand' Annuals Shrubs Shrub 'Grey sand' Annuals Shrubs Shrub 'Grey sand' Annuals Shrubs Shrub 
(mm) N (%) Condition (mm) N (%) Condition (mm) N (%) Condition 
42 25 0 11 25 25 3 0 10 a/d 
48 20 50 32 30 15 2 0 0 
40 10 10 34 30 0 3 0 0 
41 20 0 48 40 2 2 0 25 a 
48 20 1 36 30 15 3 0 25 a 
73 10 60 39 30 20 3 0 15 a 
78 20 65 73 20 20 20 0 20 a/d 
43 20 25 34 30 25 7 0 30 a/d 
80 20 25 46 30 45 3 0 0 
49 20 10 25 25 5 3 0 0 
41 15 15 60 50 5 8 0 30 a 
44 20 0 52 60 20 3 0 30 a 
50 10 10 56 25 10 34 0 70 a 
60 10 30 60 40 30 5 0 35 a 
40 20 10 65 30 20 3 0 25 
65 15 5 40 25 0 0 0 25 
69 10 10 43 15 0 10 0 60 
55 10 0 53 20 25 8 0 50 
50 10 0 33 25 0 10 0 5 a 
76 30 40 a 75 25 45 a/d 3 0 20 a 
95 20 0 50 30 30 10 0 30 
50 20 40 84 20 15 5 0 30 
57 20 10 74 10 30 a 10 0 40 
21 15 25 50 10 0 10 0 30 
49 20 30 75 25 10 a 35 0 50 
20 20 0 25 10 20 a 63 0 75 
31 5 20 110 25 60 60 0 40 
10 10 0 77 30 40 10 0 25 a/d 
12 10 20 71 35 15 11 0 45 aid 
36 10 15 38 15 30 35 0 60 
60 25 0 100 30 25 55 0 70 a/d 
60 20 0 80 15 10 7 0 
10 a 
21 10 25 a 35 10 40 a 10 
0 10 
92 20 25 a 56 15 60 a 40 
0 60 a/d 
90 20 0 65 10 30 a 3 
3 0 
56 30 0 40 15 30 a/d 0 
0 20 a 
64 25 0 62 30 35 20 
0 60 a 
10 20 0 35 10 45 a/d 50 
3 60 a/d 
66 20 40 125 20 60 9 
0 30 a 
60 20 60 42 20 30 a/d 18 
0 25 a 
73 20 0 60 20 30 a/d 
28 0 10 a/d 
52 15 0 46 10 50 a/d 
24 0 15 a/d 
38 15 5 a 41 10 30 a/d 
13 0 10 a 
58 15 0 62 20 35 a/d 
12 0 10 
37 10 20 ald 110 20 40 ald 
15 0 15 a 







40 10 10 a 44 25 5 17 0 0 
97 20 0 46 15 0 
5 8 0 25 a/d 37 20 0 65 
40 
20 





60 a/d 63 30 5 
4 0 5 a 









46 20 50 44 30 5 10 0 0 
90 25 0 24 35 15 45 0 10 
38 30 10 35 25 0 
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Appendix I continued. 
1956 stabilized dunes 1964 stabilized unes 1981 stabilized dunes 
'Grey sand' Annuals Shrubs Shrub 'Grey sand' Annuals Shrubs Shrub 'Grey sand' Annuals Shrubs Shrub 
(mm) N (%) Condition (mm) N (%) Condition (mm) N (%) Condition 
92 20 60 38 25 15 a/d 61 0 45 
55 25 0 60 25 65 4 0 30 
50 20 0 10 15 10 3 0 30 a 
51 25 10 12 20 5 6 0 15 a 
42 15 5 41 15 10 22 0 0 
30 2 40 a/d 74 25 25 12 0 40 ald 
46 20 45 a/d 58 20 0 6 0 0 
52 25 0 28 20 0 34 0 60 a/d 
73 30 10 a 21 25 5 4 0 40 
52 25 10 20 25 0 4 0 15 a/d 
53 10 0 33 25 5 6 0 0 
58 5 20 20 30 15 3 0 25 a 
43 20 0 25 30 0 10 0 0 
13 25 0 69 25 5 5 0 5 a 
96 20 20 72 30 10 10 0 70 a 
90 25 0 80 35 20 11 0 10 aid 
64 20 0 64 20 15 12 0 0 
42 20 10 a 82 20 5 3 0 0 
44 20 0 116 20 20 a/d 8 0 15 a 
39 20 0 49 40 0 11 0 15 
44 20 0 45 35 0 4 0 10 
64 15 20 40 15 0 10 0 20 a 
42 15 0 39 20 0 45 0 45 a 
112 20 55 49 25 0 8 0 0 
82 25 40 a/d 46 30 35 20 0 20 a 
72 35 0 42 25 0 9 0 10 a 















































































































































































































































































































Appendix 1 continued. 
1956 stabilized dunes 1964 stabilized dunes 1981 stabilized dunes 
'Grey sand' Annuals Shrubs Shrub 'Grey sand' Annuals Shrubs Shrub 'Grey sand' Annuals Shrubs Shrub 
(mm) N (%) Condition (mm) N (%) Condition (mm) N (%) Condition 
55 20 20 38 30 20 10 0 35 a 
58 io 0 38 30 10 12 0 0 
50 5 0 17 30 0 7 0 0 
80 15 0 29 30 15 a/d 3 0 10 a/d 
88 10 10 a 11 40 10 15 0 45 a/d 
40 5 5 a 40 40 20 8 0 30 a 
55 5 15 63 30 0 22 0 30 a/d 
40 10 10 65 20 15 11 0 15 a/d 
100 10 20 a 60 10 20 a 11 0 10 a 
39 20 0 40 20 5 6 0 15 a 
79 15 20 a/d 58 20 20 5 0 20 a 
77 20 20 48 10 10 21 20 0 
33 20 20 aid 35 15 40 a/d 7 10 10 a 
23 15 15 a 40 10 15 10 0 0 
45 15 10 20 10 10 22 15 25 aid 
50 15 0 51 10 5 30 0 30 a 
53 15 15 53 20 60 a 25 0 10 
87 10 10 a 62 15 10 30 5 5 a 
58 25 0 35 20 0 22 0 5 a 
36 20 0 47 15 10 3 0 0 
40 20 0 69 15 20 5 0 0 
36 25 0 35 30 50 a 8 0 5 a 
60 20 25 101 20 50 a 5 0 20 a/d 
110 25 0 96 10 0 16 0 25 a/d 
72 15 15 a 80 25 40 a/d 60 0 
30 
55 30 15 a 73 20 20 16 
0 20 
30 20 10 65 10 20 5 0 
15 a 
26 30 10 81 15 20 33 0 
10 a 
16 15 10 a/d 61 20 20 40 
0 20 a/d 
12 20 15 65 30 0 5 
0 15 
26 15 10 68 30 0 21 
0 20 a/d 
77 10 0 
50 15 25 
32 20 25 
41 20 0 
65 15 0 
40 20 0 







58.07 18.81 11.58 54.31 23.51 16.57 . . . 











2.35 0.54 1.3 . . . 
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Appendix 2 
Grey sand thickness (mm) on bare dune surfaces and under shrubs at Shapotou (1981 
stabilized dunes). 
Bare surface Attemesia ordosica Hedysarum scopalium 
(n = 60) (n = 30) (n = 30) 
14 20 35 
13 20 25 
9 35 37 
11 31 46 
13 27 43 
9 24 41 
11 35 52 
10 24 35 
10 20 44 
14 42 38 
11 25 41 
11 40 35 
8 22 32 
10 17 36 
13 30 18 
17 32 40 
12 16 19 
9 35 45 
7 32 35 
15 4 50 
10 24 38 
18 42 42 
14 18 37 
16 35 43 
17 23 40 
17 20 35 
12 34 35 
18 40 27 
14 40 33 































mean 13.33 mean 27-33 mean 
37.0 




Texture of dune samples (0-25 mm) from bare dune Surfaces and from under shrubs at Shapotou (1981 stabilized dunes). 
Vegetation cover Sample <2 pm <56 pm Mean Particle Diameter 
MN (pm) 
Artemesia ordosica (n = 10) 1 2.1 23.1 127.03 
2 1.9 24.5 115.71 
3 2.5 29.0 103.14 
4 1.7 21.6 119.70 
5 2.3 26.3 114.70 
6 1.9 21.3 126.62 
7 1.6 18.6 124.48 
8 2.3 25.4 122.95 
9 2.0 20.2 127.87 
10 2.2 22.8 127.61 
Mean 2.05 23.28 120-. 98 
s. e 0.09 0.98 2.50 
Hedysarum scoparium (n = 10) 1 1.6 18.6 135.12 
2 2.1 25.1 116.38 
3 2.1 24.3 114.40 
4 1.6 18.7 127.67 
5 1.7 19.6 129.82 
6 1.8 19.7 132.79 
7 1.8 22.6 199.06 
8 2.7 30.9 103.98 
9 1.9 24.2 116.36 
10 1.7 20.4 129.72 
Mean 1.9 22.41 122.83 
s. e 0.11 1.22 3.12 
Bare surface (n 20) 1 2.8 34.9 92.14 
2 1.8 19.8 128.80 
3 2.6 30.9 100.14 
4 3.1 36.0 89.84 
5 3.2 34.0 103.99 
6 2.8 38.7 76.91 
7 2.3 31.6 94.2 
8 3.2 39.5 79.64 
9 3.1 37.8 82.86 
10 1.9 25.7 108.00 
11 3.0 37.0 85.38 
12 3.3 39.4 79.15 
13 3.4 43.4 68.13 
14 2.9 38.3 77.87 
15 3.1 38.9 76.66 
16 2.8 36.4 84.83 
17 2.0 25.7 112.48 
18 2.4 33.5 92.63 
19 2.7 30.7 107.95 
20 2.6 30.5 108.80 
Mean 2.75 34.14 





'Grey sand'thickness (mm) measured at four dune positions across a transect of two dunes 
at Shapotou (1964 stabilization). 
Crest 1 
(n = 75) 
Crest 2 
(n = 72) 
Windward 
Slope 1 
(n = 75) 
Windward 
Slope 2 
(n = 75) 
Hollow 1 
(n = 74) 
Hollow 2 
(n = 75) 
Leeward 
Slope 1 
(n = 75) 
Leeward 
Slope 2 
(n = 59) 
20 31 41 56 40 45 35 20 
27 17 24 94 42 35 25 15 
17 30 45 30 35 35 30 5 
11 31 12 30 26 26 24 5 
5 14 41 35 46 53 32 15 
15 27 13 35 46 25 25 5 
20 45 15 30 32 22 11 15 
23 33 40 10 34 21 14 15 
20 19 51 26 35 25 32 18 
22 22 27 50 42 20 25 16 
17 24 40 36 34 26 30 14 
14 25 43 24 75 24 25 7 
17 36 41 19 21 24 35 10 
15 15 25 15 72 30 26 20 
40 26 20 13 36 21 20 15 
24 17 55 41 36 20 8 5 
34 21 35 50 45 16 26 18 
18 61 26 17 32 3 12 6 
42 24 40 70 58 0 17 30 
18 10 24 16 31 9 15 26 
19 14 23 19 42 7 16 15 
12 15 24 17 27 20 17 17 
14 45 20 19 51 23 22 17 
13 15 26 45 27 18 11 17 
12 14 70 13 34 18 18 45 
13 30 25 32 29 32 15 7 
14 23 13 36 40 28 25 27 
10 20 20 26 29 21 18 20 
4 24 17 25 45 29 15 20 
9 15 19 25 25 21 40 15 
12 18 26 46 16 21 18 22 
19 23 24 21 35 46 22 23 
11 25 29 50 27 40 25 24 
18 13 30 22 50 39 5 20 
6 27 33 70 20 35 12 20 
6 13 37 30 20 52 18 20 
9 8 25 45 46 45 17 18 
20 23 14 40 13 50 19 30 
33 20 17 48 25 50 25 18 
7 26 23 40 52 36 28 20 
14 16 62 30 26 35 20 15 
19 11 15 20 53 52 8 26 
13 15 20 30 35 24 19 22 
35 30 26 38 35 18 20 20 
16 83 35 10 40 30 22 55 
19 7 26 13 30 29 14 35 
20 32 35 46 26 34 7 
30 
8 37 46 24 36 50 24 
20 
9 65 33 36 19 18 6 
34 
18 37 31 11 11 20 
20 33 
11 25 42 25 20 30 
6 25 
20 30 17 32 15 21 
26 25 
7 17 53 50 27 30 
26 15 
9 15 56 10 13 15 
10 5 
14 20 20 0 55 15 
15 9 
25 36 19 8 35 30 
14 24 
10 30 50 34 30 35 
11 35 
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Appendix 4 continued. 
18 20 76 40 42 34 6 11 
5 20 36 21 50 36 15 32 
15 7 46 18 55 35 20 
15 18 56 46 49 42 35 
19 5 25 42 50 21 22 
12 27 45 26 25 11 7 
15 20 95 70 47 22 16 
10 55 36 72 121 16 20 
18 24 25 55 139 21 21 
0 8 24 46 115 28 14 
3 76 42 71 25 27 19 
5 35 46 68 140 16 15 
18 25 34 83 115 45 18 
10 20 40 25 140 26 5 
15 6 17 40 12 30 15 
19 17 20 27 40 18 
16 20 11 51 20 10 
8 37 45 21 20 
mean 15.57 mean 25.15 mean 33.01 mean 34.43 mean 42.97 mean 27.84 mean 19.76 mean 18.89 
s. e 0.92 s. e 1.76 s. e 1.81 s. e 2.21 s. e 3.35 s. e 1.35 s. e 1.28 s. e 0.90 
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Appendix 5 
Particle size distribution, loss on ignition (LOI) and bulk density (Db) of dune sufface 
samples from Shapotou (0-50 mm). 
Year Sample 
stabilized 
Percent of sample finer than specified particle diameter 
<1 <1 
LOI Dbý 
M (a cm 
Mobile 1 0.4 0.4 0.5 2.2 3.3 12.3 77.8 96.7 0.30 1.61 
Mobile 2 0.4 0.4 0.5 2.0 2.6 10.9 77.3 96.6 o. 33 1.59 
Mobile 3 0.4 0.4 0.5 1.9 1.9 6.9 76.0 96.6 0.27 1.59 
Mobile 4 0.4 0.4 0.5 2.1 2.1 10.8 82.9 98.5 0.28 1.63 
Mobile 5 0.5 0.5 0.6 3.6 5.1 14.9 80.8 97.5 0.21 1.58 
Mobile 6 0.4 0.4 0.5 2.2 2.4 5.6 72.1 95.4 0.24 1.62 
Mobile 7 0.4 0.4 0.6 2.3 2.9 8.3 71.1 94.8 0.23 1.61 
Mobile 8 0.4 0.4 0.6 2.7 3.9 9.3 70.1 94.2 0.29 1.54 
Mobile 9 0.4 0.4 0.5 1.8 1.8 9.1 82D 
1 
98.4 0.29 1.51 
Mobile 10 0.34 1.63 
1981 1 0.8 1.4 2.5 9.9 12.7 19.2 75.4 95.6 0.49 1.42 
1981 2 1.0 1.7 3.0 13.3 18.3 28.0 80.6 96.7 0.36 1.46 
1981 3 0.8 1.4 2.4 9.1 12.3 18.8 70.9 93.8 0.36 1.46 
1961 4 0.4 1.5 2.6 10.2 14.4 21.8 72.0 94.0 0.32 1.46 
1981 5 1.0 1.7 2.9 13.3 19.2 29.4 80.2 96.5 0.57 1.38 
1981 6 0.8 1.3 2.2 8.3 10.8 17.7 74.9 95.5 0.46 1.45 
1961 7 1.0 1.7 3.0 13.0 18.6 30.8 85.3 98.0 0.3.0 1.39 
1981 8 0.9 1.5 2.5 10.0 14.0 24.8 82.0 97.3 0.51 1.43 
1981 9 1.0 1.8 3.2 15.4 23.0 36.8 88.1 98.7 0.67 1.39 
1981 10 1.1 1.9 3.2 15.3 22.3 37.0 90.8 99.5 0.86 1.43 
1981 11 1.0 1.8 3.0 12.7 18.7 33.0 89.4 99.3 0.77 1.33 
1981 12 1.0 1.7 3.0 13.2 18.8 32.0 88.8 99.2 0.52 1.36 
1981 13 1.1 1.9 3.3 15.1 21.9 36.6 91.0 99.6 0.45 1.44 
1981 14 0.9 1.6 2.8 13.4 21.4 39.0 92.7 99.8 1.11 1.24 
1981 15 0.6 1.0 1.7 6.8 8.8 14.5 74.1 95.5 0.51 1.46 
1981 16 1.0 1.7 3.0 13.7 20.4 35.5 91.1 99.8 0.68 1.34 
1981 17 0.8 1.4 2.4 9.2 12.7 23.1 82.9 97.7 0.60 1.43 
1981 18 0.9 1.5 2.5 10.5 14,9 27.8 87.2 98.9 0.33 1.47 
1981 19 0.7 1.1 1.8 7.2 10.0 19.3 78.5 96.5 0.48 1.45 
1981 20 0.7 1.2 1.9 7.2 9.3 17.5 80.1 97.2 0.52 1.44 
1981 21 0.9 1.5 2.4 10.3 15.4 29.8 89.8 99.6 0.56 139 
1981 22 0.9 1.5 2.6 12.2 19.1 35.6 91.8 99.8 0,77 1.37 
1981 23 0.5 0.7 1A 4.7 5.8 13.1 78.3 96.9 ý0.36 1.52 
1981 24 0.8 1.4 2.4 8.5 11.2 18.5 77.2 96.2 0,58 1.40 
1981 25 0.8 1.4 2.4 11.1 15.9 24,9 78.6 96.3 0.68 1.38 
1981 26 0.5 0.8 1.2 5.1 6.7 13.3 73.8 95.3 0.37 1.51 
1981 27 0.5 0.9 1.4 5.1 6.7 12.7 73.2 95.3 0.38 1.46 
1981 28 0.5 0.6 0.9 3.8 4.7 13.4 80.5 97.5 0.36 1.53 
1981 29 0.8 1.4 2.5 10.7 14.9 23.3 78.7 96.5 0.53 1.36 
1981 30 0.7 1.2 1.9 7.7 10.9 19.3 76.8 96.0 0.53 1.40 
1981 31 1.0 1.8 3.0 13.6 20.2 33.9 87.3 98.6 0.84 1.35 
1981 32 0.8 1.3 2.2 8.4 11.3 21.2 80.9 97.2 0.54 1.43 
1981 33 1.0 1.7 2.9 13.5 19.9 33.0 86.5 98A 0.59 1.42 
1981 34 1.0 1.8 3.0 13.1 19.5 34.0 88.9 99.1 0.73 1.45 
1981 35 1.1 2.2 4.2 17.3 24.7 38,8 89.5 99.1 0.56 1.43 
1981 36 1.1 2.1 3.7 14.7 20.5 32.2 85.0 98.0 0.65 1.44 
1981 37 0.8 1.3 2.4 10.1 13.9 23.0 78.7 96.3 0.52 1.42 
1981 38 0.9 1.7 3.3 16.2 23.1 35.4 86.0 98.1 0.59 1.35 
1981 39 0.9 1.6 2.9 12.1 17.5 28.2 81.4 96.9 0.44 1.42 
1981 40 1.2 2.3 4.2 17.8 25.9 39.6 88.9 96.8 0.56 1.41 
1981 41 1.3 2.5 4.3 21.3 33.0 51.0 94.6 99.9 0.77 1.39 
1981 42 1.2 2.2 4.0 17.5 25.3 38.6 90.6 99.7 0.69 
1.43 
1981 43 1.4 2.6 4.8 23.4 33.9 47.5 91.4 99.6 
0.63 1.46 
1981 44 1.2 2.3 4.2 17.9 25.3 37.2 88.6 99.2 0.52 
1.48 
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Appendix 5 continued. 
Percent of sample finer than specified particle diameter 
Year Sample LOI Db. 
stabilized 
I 
<2pm <6/JM <18pm <56pm <Mim <125um <250um <35&jm 
I 
(C%I (n f-M 
1981 45 0.8 1.3 2.1 7.1 9.5 18.7 83.2 98.4 0.43 1.39 
1981 46 1.1 2.1 3.8 16.5 23.7 37.1 90.6 99.7 0.77 1.37 
1964 1 1.7 3.4 6.5 24.8 33.7 45.3 87.4 98.3 0.82 1.38 
1964 2 1.9 3.8 7.6 31.8 45.5 61.9 94.7 99.5 1.15 1.26 
1964 3 1.3 2.9 6.3 24.3 32.4 42.9 82.3 96.4 1.18 1.37 
1964 4 1.8 3.8 7.4 28.6 38.9 51.2 87.1 97.6 1.04 1.29 
1964 5 1.6 3.2 6.3 27.2 39.4 55.3 92.7 99.3 0.90 1.30 
1964 6 1.0 2.0 4.0 13.5 17.8 25.7 74.7 94.9 0.68 1.37 
1964 7 1.1 2.1 4.1 21.1 31.7 48.0 91.3 99.1 0.77 1.40 
1964 8 1.4 2.8 5.5 25.9 38.4 56.3 95.3 99.9 0.87 1.33 
1964 9 1.5 3.1 6.1 23.9 33.1 48.4 91.8 99.2 0.81 1.35 
1964 10 2.0 4.2 8.4 34.5 45.3 59.1 94.6 99.6 0.64 1.37 
1964 11 2.3 4.9 9.9 38.7 50.0 61.7 92.5 99.0 1.08 1.43 
1964 12 2.1 4.4 8.8 35.9 49.0 63.7 95.6 99.8 1.35 1.32 
1964 13 1.9 3.8 7.7 33.1 44.0 57.3 93.2 99.3 1.16 1.36 
1964 14 1.8 3.6 7.4 30.8 40.7 54.0 93.6 99.6 1.16 1.37 
1964 15 2.1 4.5 9.4 39.2 51.7 64.2 95.4 99.9 1.16 1.30 
1964 16 1.2 2.1 4.0 19.5 28.0 41.8 88.6 98.6 0.93 1.38 
1964 17 1.2 2.1 3.8 17.3 26.3 43.1 92.3 99.6 0.44 1.40 
1964 18 1.3 2.6 4.8 21.6 31.9 48.6 92.8 99.5 0.72 1.32 
1964 19 1.0 1.8 3.3 14.8 21.2 34.4 86.6 98.3 0.72 1.42 
1964 20 1.5 2.8 5.2 25.2 37.2 54.9 95.2 99.9 0.94 1.34 
1964 21 1.7 3.2 6.1 29.0 42.2 60.0 95.9 99.9 1.17 1.32 
1964 22 1.4 2.7 5.2 23.1 32.4 46.0 89.2 98.6 0.81 1.31 
1964 23 1.9 3.9 7.5 32.6 46.2 63.4 96.7 99.9 1.30 1.31 
1964 24 1.4 2.8 5.3 28.1 42.6 61.5 96.4 99.9 1.36 1.29 
1964 25 1.0 1.7 3.4 11.8 14.7 21.9 75.8 95.5 0.54 1.38 
1964 26 1.0 1.9 3.5 12.5 16.1 24.0 77.3 96.0 0.52 1.38 
1964 27 1.5 3.1 6.4 30.2 42.1 58.1 94.8 99.8 0.93 1.33 
1964 28 1.3 2.6 5.1 17.4 22.8 32.9 82.9 97.3 0.68 1.40 
1964 29 1.0 1.8 3.2 14.4 20.2 31.3 86.5 98.7 0.58 1.42 
1964 30 1.5 3.0 5.9 25.8 35.0 45.7 84.7 97.2 0.72 1.38 
1964 31 1.9 3.9 8.0 32.0 42.4 54.2 88.8 98.2 1.09 1.41 
1964 32 2.0 4.3 8.9 44.6 62.7 79.4 99.0 100.0 1.82 1.23 
1964 33 1.8 3.6 7.1 31.4 43.2 57.6 94.4 99.8 0.91 1.37 
1964 34 1.9 3.9 7.9 32.5 44.4 58.7 93.9 99.5 1.21 1.28 
1964 35 1.7 3.4 6.6 31.4 45.4 62.6 96.1 99.9 1.16 1.28 
1964 36 1.1 2.0 3.8 15.0 19.9 32.1 88.9 99.2 0.55 1.35 
1964 37 0.9 1.7 3.1 12.3 15.2 23.9 86.8 99.6 0.59 1.34 
1964 38 1.2 2.2 4.2 18.9 26.5 39.4 88.5 98.8 0.75 1.35 
1964 39 1.1 2.0 3.9 16.3 22.0 33.7 86.4 98.4 1.02 1.38 
1964 40 1.8 3.9 8.0 32.7 44.5 59.3 95.2 99.9 1.27 
1964 41 2.1 4.5 9.2 35.8 48.2 62.5 95.5 99.9 0.90 1.38 
1964 42 1.5 3.3 6.7 23.1 30.2 42.1 89.0 98.9 0.78 1.35 
1964 43 1.5 2.9 5.6 21.0 27.5 37.6 82.9 96.8 0.96 1.40 
1964 44 1.2 2.1 3.9 22.2 32.9 49.3 93.1 99.5 1.21 1.31 
1964 45 1.4 2.8 5.3 18.9 26.2 39.2 86.7 98.2 0.59 1.48 
1956 1 1.6 3.3 6.6 23.5 31.5 45.2 91.1 99.2 0.81 1.41 
1956 2 1.5 3.0 5.9 21.5 28.5 40.7 87.9 98.5 1.16 1.45 
1956 3 2.0 4.4 8.9 38.8 53.7 70.1 97.0 99.9 1.91 1.19 
1956 4 2.5 5.4 10.7 42.0 56.4 71.8 97.1 99.9 1.81 1.24 
1956 5 1.6 3.4 7.2 28.4 38.1 51.1 92.8 99.8 1.22 1.39 
1956 6 1.4 3.2 6.5 20.2 25.4 32.7 84.8 98.5 0.81 1.37 
1956 7 1.9 4.0 8.0 31.3 42.0 54.8 93.0 99.8 1.09 1.35 
1956 8 2.0 4.6 9.4 34.0 43.0 53.2 87.8 97.7 1 1.37 1.36 
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Percent of sample finer than specified particle diameter 
<6 pm <lpym <- 
- 




3 (g cm-') 
1956 9 2.0 4.3 9.4 34.4 42.7 53.4 91.7 99.0 0.72 1 44 1956 10 2.2 5.1 10.9 37.9 47.6 58.8 92.9 99.1 0.76 . 1 34 1956 11 1.0 1.8 3.2 13.5 18.7 30.6 86.8 98.6 1.05 . 1.33 1956 12 1.5 2.9 5.8 25.0 35.1 49.2 92.4 99.5 1.19 1 27 1956 13 1.7 3.7 7.6 30.8 41.6 55.2 92.7 99.4 0.98 . 1.42 1956 14 1.7 3.6 7.0 26.1 34.6 46.9 89.8 98.8 0.99 1.36 1956 15 2.1 4.3 8.3 33.9 46.2 60.4 94.0 99.5 1.30 1.36 
1956 16 1.6 3.3 6.8 23.9 31.1 41.3 85.2 97.6 1.14 1.34 
1956 17 1.6 3.4 6.7 25.6 34.6 46.5 87.6 98.2 OM 1.36 
1956 18 1.5 3.0 5.9 28.3 42.8 61.5 96.4 99.9 1.18 1.34 
1956 19 1.5 3.3 6.4 24.6 33.1 43.7 85.9 97.8 1.48 1.40 
1956 20 2.1 4.8 9.7 35.9 48.2 62.5 95.4 99.9 1.17 1.33 
1956 21 1.8 3.8 7.3 29.3 40.2 54.3 93.4 99.6 1.12 1.36 
1956 22 2.1 4.7 9.4 38.3 51.8 65.3 94B 99.7 0.96 1.27 
1956 23 1.5 3.3 6.7 24.0 31.8 42.2 86.6 98.1 1.46 1.38 
1956 24 1.9 4.2 8.9 28.7 36.4 49.1 92.5 99.8 0.91 1.37 
1956 25 1.3 2.5 4.6 17.3 25.3 39.1 86.7 98.0 1.01 1.36 
1956 26 1.0 1.9 3.5 13.1 17.5 25.5 77.4 95.8 0.87 1.38 
1956 27 1.9 3.9 7.6 29.5 39.7 51.3 87.8 97.9 0.87 1.36 
1956 28 2.0 4.0 7.9 36.9 51.9 67.4 95.1 99.5 1.26 1.34 
1956 29 2.4 4.9 9.3 35.2 47.5 61.5 94.1 99.5 1.55 1.31 
1956 30 1.1 2.3 4.7 15.1 18.7 26.7 79.8 96.6 0.80 1.39 
1956 31 2.5 5.3 10.5 40.7 54.1 66.9 94.8 99.5 1.62 1.29 
1956 32 2.2 4.5 &6 33.5 44.0 54.8 89.0 98.3 1.03 1.42 
1956 33 1.3 2.5 4.8 16.9 21.6 29.3 79.5 96.4 0.66 1.42 
1956 34 1.7 3.6 6.9 24.4 30.7 39.5 85.3 97.8 0.72 1.42 
1956 35 1.8 3.6 7.2 33.4 47.5 62.4 95.1 99.9 1.35 1.26 
1956 36 2.1 4.3 8.4 34.9 47.1 59.9 92.0 98.9 1.06 1.40 
1956 37 1.8 3.8 7.9 32.7 43.4 55.1 91.0 98.9 1.01 1.37 
1956 38 1.4 2.7 5.0 21.5 30.9 43.7 87.3 98.2 0.92 1.37 
1956 39 1.5 2.9 5.6 24.2 33.6 44.7 86.3 97.8 0.69 1.37 
1956 40 1.5 2.9 5.5 24.1 34.3 46.5 87.6 98A 1.30 1.35 
1956 41 2.1 4.5 9.1 37.2 49.5 61.6 91.8 98.7 1.84 1.2B 
1956 42 1.9 4.0 7.8 32.1 43.9 57.0 91.3 98.8 1.79 1.32 
1956 43 1.4 2.8 5.5 19.6 25.3 34.3 81.0 96.5 0.97 1.37 
1956 44 1.2 2.3 4.5 15.4 19.0 28.1 82.6 97.2 0.85 1.43 
1956 45 1.8 3.6 7.1 28.1 37.0 48.3 89.1 98.5 0.95 1.40 
1956 46 2.2 4.7 9.5 38.0 50.0 62.5 92.3 99.0 1.52 1.33 
Appendix 6 Cation exchange capacity of dune surface samples (0-50 mm) at Shapotou, 
Year stabilized CEC me (100 g)-' Mean S. E 
Mobile dunes 4.86 4.78 4.23 6.15 6.40 5.3 0.94 
1981 5.26 5.27 4.47 6.55 5.57 5.4 0.75 
1964 6.51 5.69 5.64 7.89 7.14 6.6 0.96 
1956 6.25 7.08 5.12 6.79 6.63 6.4 0.76 
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Appendix 7 
Surface drying surveys, Shapotou. (for 'time dry, points which had not dried by the end of 
observation period are marked with and asterisk). 
Surface Date Point Time dry Slope Aspect 







1981 28/07/94 1 845 4 220 10 5 0 
1981 28/07/94 2 1230 0 5 0 9 
1981 28/07/94 3 930 0 20 10 2 
1981 28/07/94 4 1130 8 200 0 0 7 
1981 28/07/94 5 930 2 200 5 5 0 
1981 28)07/94 6 1100 8 220 15 0 1 
1981 28/07/94 7 930 0 10 5 0 
1981 28/07/94 8 1230 6 80 0 0 1 
1981 28/07/94 9 1200 5 30 0 5 1 
1981 28)07/94 10 845 0 20 5 0 
1981 28/07/94 11 845 10 70 20 5 0 
1981 28/07)94 12 845 14 40 10 2 0 
1981 28/07/94 13 845 12 20 15 2 0 
1981 28/07)94 14 845 4 6D 20 5 0 
1981 28/07/94 15 845 0 10 5 0 
1981 28)07/94 16 1000 0 20 10 0 
1981 28/07/94 17 845 0 15 0 0 
1981 28/07/94 18 930 11 40 10 0 0 
1981 28/07/94 19 1000 0 5 0 1 
1981 28W/94 20 1100 5 320 5 5 0 
1981 28/07/94 21 1330 14 0 5 0 0 
1981 28/07)94 22 1330 9 32C) 0 0 1 
1981 28/07/94 23 930 17 40 10 5 0 
1981 28)07P,, 4 24 930 10 160 5 0 6 
1981 28/07/94 25 845 10 340 0 0 1 
1981 28)07/94 26 845 0 0 0 0 
1981 28/07/94 27 845 0 5 0 1 
1981 28/07)94 28 1430 0 15 15 8 
1981 28/07/94 29 1100 9 340 40 20 0 
1981 28)07P-A 30 845 9 20 20 5 0 
1981 28/07/94 31 1100 0 0 10 3 
1981 28/07MA 32 1130 0 10 15 4 
1981 28/07/94 33 845 0 10 5 0 
1981 28/07/94 34 1630 0 10 5 0 
1981 28/07/94 35 1100 14 20 30 15 1 
1981 28/07/94 36 845 0 10 0 0 
1981 28/07/94 37 1200 0 10 0 0 
1981 28/07)94 38 1330 3 260 10 10 0 
1981 28/07/94 39 1030 19 260 0 0 0 
1981 28107P94 40 1030 6 260 15 10 
0 
1981 28107/94 41 1200 0 0 0 
0 
1981 28/07/94 42 1130 14 220 5 5 
1 
1981 28/07/94 43 1200 22 220 0 0 
0 
1981 28/07/94 44 1200 7 220 5 0 
1 
1981 28/07/94 45 845 0 20 
5 0 
1981 28/07/94 46 1300 5 0 5 
10 5 
1981 28/07/94 47 845 6 320 20 
10 0 
1981 28/07/94 48 1030 0 20 
40 0 
0 
1981 28/07/94 49 930 11 320 10 
5 
5 
1981 28/07/94 50 1300 0 0 
10 
20 0 
1981 28/07)94 51 1100 7 320 20 5 0 
1981 28/07/94 52 930 0 20 5 0 
1981 28/07/94 53 1030 0 
10 
0 2 
1981 28/07/94 54 1200 0 
5 
5 15 
1981 28/07194 55 1400 13 60 
20 
10 0 
1981 28/07/94 56 845 6 20 
15 
5 3 
1981 28/07/94 57 1000 3 240 
10 
0 
1981 28/07/94 58 900 0 
0 
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Appendix 7 continued. 
Surface Date Point Time dry Slope Aspect 






/0.1 m 1981 28/07/94 59 900 0 10 5 1 1961 28/07194 60 930 0 5 0 0 
1981 28/07/94 61 845 0 20 0 0 
19B1 2B/07/94 62 1000 0 0 0 0 
1981 28/07/94 63 845 5 180 0 0 0 
19B1 28/07194 64 845 0 0 0 0 
1981 28/07/94 65 900 0 30 15 0 
19BI 28/07/94 66 1130 14 0 40 20 0 
1981 28/07/94 67 900 6 70 10 5 0 
1964 28/07/94 1 1330 11 10 30 0 3 
1964 2W7194 2 845 5 80 10 1 3 
1964 28/07/94 3 1330 4 10 30 4 9 
1964 28/07/94 4 1230 5 80 10 2 5 
1964 28/07/94 5 1100 10 10 5 1 8 
1964 28A)7/94 6 845 4 330 10 0 0 
1964 28/07/94 7 1330 5 190 30 2 1 
1964 28)07194 8 1230 0 10 2 8 
1964 28/07/94 9 1330 9 90 4 0 6 
1964 28/07/94 10 1300 4 100 15 10 9 
1964 28/07/94 11 1430 11 90 2 15 7 
1964 28/07/94 12 1400 8 140 20 20 14 
1964 28107/94 13 1330 7 160 15 10 8 
1964 28)07/94 14 6 320 5 10 10 
1964 28)07/94 15 1400 6 160 15 1 1 
1964 28)07/94 16 0 0 5 0 
1964 28/07/94 17 1430 6 180 0 5 6 
1964 28/07/94 18 845 0 20 20 1 
1964 28/07/94 19 1100 13 40 5 5 3 
1964 28/07194 20 1130 7 100 5 5 3 
1964 28/07/94 21 0 5 5 36 
1964 28A)7/94 22 0 5 1 34 
1964 28/07/94 23 1530 8 30 30 5 0 
1964 28/07/94 24 1430 14 40 35 10 5 
1964 28/07/94 25 8 30 10 5 10 
1964 28/07/94 26 1500 8 160 10 2 15 
1964 28)07/94 27 1500 10 30 5 2 4 
1964 28/07)94 28 1600 0 30 15 3 
1964 28/07/94 29 8 210 10 10 16 
1964 28/07/94 30 19 80 0 10 1 
1964 28/07/94 31 6 120 10 2 3 
1964 28/07/94 32 1300 0 0 10 5 
1964 28/07/94 33 1000 0 20 2 30 
1964 28/07/94 34 1330 0 10 2 11 
1964 28/07/94 35 1400 0 25 10 5 
1964 28/07/94 36 17 320 10 2 22 
1964 28/07/94 37 1530 7 120 8 2 8 
1964 28107/94 38 1500 0 25 2 5 
1964 28/07/9-4 39 12 80 25 0 17 
1964 28/07/94 40 1600 10 200 30 5 4 
1964 28/07/94 41 4 160 30 5 25 
1964 28/07/94 42 0 10 0 34 
1964 28/07/94 43 0 0 15 6 
1964 28/07/94 44 1600 3 180 40 2 3 
1964 28/07/94 45 1200 6 100 25 5 4 
1964 28/07/94 46 0 20 5 13 
1964 28A37/94 47 1430 0 15 0 85 
1964 28/07/94 48 1630 0 15 5 27 
1964 28/07/94 49 845 22 240 20 10 0 
1964 28/07194 50 1600 9 260 10 30 1 
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1964 28/07/94 51 845 0 15 10 1 
1964 28107/94 52 1200 19 280 25 10 0 
1964 28/07/94 53 1330 8 240 15 5 5 
1964 28/07/94 54 1600 8 320 10 10 3 
1964 28/07/94 55 1030 0 25 15 0 
1964 28/07/94 56 900 0 25 15 0 
1964 28107/94 57 845 7 160 5 2 0 
1964 28/07/94 58 930 0 20 10 2 
1964 28/07/94 59 845 10 290 15 10 0 
1964 28/07/94 60 1030 5 210 70 20 0 
1964 28/07/94 61 1200 2 210 50 20 0 
1964 28/07/94 62 1230 3 40 20 5 4 
1964 28/07/94 63 1200 11 300 5 2 0 
1964 28/07/94 64 1500 8 300 5 10 0 
1964 28/07/94 65 845 24 300 10 0 0 
1964 28/07/94 66 1000 6 100 20 5 2 
1964 28/07/94 67 1030 0 20 5 1 
1964 28/07/94 68 1130 0 15 5 0 
1964 28/07194 69 0 5 20 14 
1964 28/07/94 70 1500 5 310 25 10 5 
1964 28/07/94 71 0 10 2 33 
1964 28/07/94 72 11 340 10 2 2 
1964 28/07/94 73 15M 0 10 0 8 
1964 28107194 74 1330 0 15 5 10 
1964 28/07194 75 1500 5 0 15 10 31 
Mobile 07/08/94 1 710 10 140 0 0 0 
Mobile 07/08/94 2 710 23 140 0 0 0 
Mobile 07/08/94 3 710 24 130 0 0 0 
Mobile 07A)8/94 4 710 28 140 0 0 0 
Mobile 07/08194 5 710 27 130 0 0 0 
Mobile 07/08194 6 710 28 145 0 0 0 
Mobile 07A)8/94 7 710 29 140 0 0 0 
Mobile 07/08/94 8 710 28 130 0 0 0 
Mobile 07/08)94 9 710 28 130 0 0 0 
Mobile 07/08/94 10 710 22 140 0 0 0 
Mobile 07/08/94 11 710 14 160 0 0 0 
Mobile 07108/94 12 710 8 150 0 0 0 
Mobile 07A)8/94 13 710 7 190 0 0 0 
Mobile 07/08194 14 710 5 220 0 0 0 
Mobile 07A)8194 15 710 5 220 0 0 0 
Mobile 07/08/94 16 710 3 230 0 0 0 
Mobile 07/08/94 17 710 4 320 0 0 0 
Mobile 07A)8194 18 710 3 260 0 0 0 
Mobile 07/OB/94 19 710 5 260 0 0 0 
Mobile 07/08/94 20 710 1 170 0 0 0 
Mobile 07A)8/94 21 710 3 300 0 0 0 
Mobile 07/08/94 22 710 5 310 0 0 0 
Mobile 07/08/94 23 710 6 340 0 0 0 
Mobile 07108/94 24 710 6 340 0 0 0 
Mobile 07/08/94 25 710 7 360 0 0 0 
Mobile 07/08/94 26 710 7 360 0 0 0 
Mobile 07/08/94 27 710 7 10 0 0 0 
Mobile 07108/94 28 710 7 360 0 0 0 
Mobile 07/08/94 29 710 7 360 0 0 0 
Mobile 07/08/94 30 710 9 30 0 0 0 
Mobile 07/08/94 31 710 8 20 0 0 0 
Mobile 07/08/94 32 710 8 20 0 0 
0 
Mobile 07/08/94 33 710 9 20 0 0 
0 
Mobile 07/08/94 34 710 9- 20 0 0 
0 
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Mobile 07/08/94 35 710 9 20 0 0 0 
Mobile 07/08/94 36 710 9 20 0 0 0 
Mobile 07108/94 37 710 10 10 0 0 1 
Mobile 07/08/94 38 710 9 10 0 0 0 
Mobile 07/08/94 39 710 8 360 0 0 0 
Mobile 07/08194 40 710 8 360 0 0 0 
Mobile 07/08/94 41 710 9 360 0 0 0 
Mobile 07/08/94 42 710 8 360 0 0 0 
Mobile 07/08/94 43 710 8 360 0 0 0 
Mobile 07/08/94 44 710 9 350 0 0 0 
Mobile 07/08/94 45 710 7 340 0 0 0 
Mobile 07/08/94 46 710 10 350 0 0 0 
Mobile 07/08/94 47 710 9 360 0 0 0 
Mobile 07/08/94 48 710 9 340 0 0 0 
Mobile 07/08/94 49 710 13 360 0 0 0 
Mobile 07/08/94 50 710 13 360 0 0 0 
Mobile 07/08/94 51 710 15 360 0 0 0 
1981 07/08/94 1 1320 1 150 20 2 0 
1981 07/08/94 2 1320 5 220 40 2 0 
1981 07/08/94 3 1415 9 220 5 0 1 
1981 07/08/94 4 1415 7 220 15 2 0 
1981 07/08/94 5 1320 2 240 2 0 4 
1981 07/08/94 6 1020 25 170 2 0 0 
1981 07/08/94 7 1620 2 180 10 2 0 
1981 07108/94 8 1125 25 160 20 2 0 
1981 07/08/94 9 1210 2 320 25 2 0 
1981 07/08194 10 1320 5 130 10 5 7 
1981 07/08/94 11 920 4 280 20 2 0 
1981 07/08/94 12 920 10 90 10 5 0 
1981 07/08/94 13 1210 7 100 5 5 9 
1981 07108/9-4 14 920 13 10 20 2 0 
1981 07/08/94 15 1210 2 310 15 2 0 
1981 07108/94 16 920 5 110 10 2 0 
1981 07/08/94 17 1020 12 310 50 0 0 
1981 07/08194 18 920 11 80 30 0 0 
1981 07/08/94 19 1220 7 100 50 5 0 
1981 07/08/94 20 11 90 15 10 0 
1981 07/08/94 21 1415 4 50 15 5 0 
1981 07/08/94 22 1320 25 1320 50 20 0 
1981 07/08/94 23 1620 6 1640 30 20 0 
1981 07/08/94 24 1320 4 1320 15 30 0 
1981 07/08/94 25 1020 22 1020 30 5 0 
1981 07/08194 26 1415 16 1415 40 10 0 
1981 07/08/94 27 1220 20 1220 70 20 0 
1981 07/08/94 28 1020 20 1020 60 0 1 
1981 07/08/94 29 1320 24 1320 40 5 0 
1981 07108/94 30 15 10 20 13 
1981 07/08/94 31 1510 19 1510 0 10 
0 
1981 07/08/94 32 1210 12 1210 10 10 
0 
1981 07/08/94 33 920 6 920 30 10 
0 
1981 07/08194 34 920 19 920 50 0 
0 
1981 07/08/94 35 920 13 920 25 
5 0 
1981 07/08/94 36 920 12 920 30 
15 0 
1981 07/08/94 37 920 7 920 60 
0 0 
1981 07/08/94 38 1320 3 1320 50 
5 0 
1981 07/CB/94 39 1210 11 1210 5 
10 0 
1981 07/08/94 40 1210 8 1210 30 
15 1 
0 
1981 07/08/94 41 1125 5 1125 65 
5 
2 
1981 07)08/94 42 1510 6 1510 0 
M 
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10.1 m 1981 07108/94 43 1850 5 1850 40 40 0 
1981 07108/94 44 920 4 920 20 10 0 
1981 07/08/94 45 920 5 920 30 10 0 
1981 07/08/94 46 920 6 920 25 10 0 
1981 07/08/94 47 920 5 9M 20 10 0 
1981 07ADO/94 48 920 11 9M 0 5 2 
1981 07/08/94 49 1415 4 1415 5 10 0 
1981 07/08/94 50 1125 9 1125 15 2 0 
1981 07/08/94 51 1210 12 1210 50 5 0 
1981 07108/94 52 1020 0 1020 50 0 0 
1981 07/08/94 53 1125 8 1125 60 0 0 
1981 07108194 54 1125 13 1125 50 5 0 
1981 07/08/94 55 1320 10 1320 0 0 4 
1981 07/08194 56 1125 7 1125 30 15 0 
1981 07/08/94 57 920 2 9M 20 2 0 
1981 07/08/94 58 1125 7 1125 0 0 1 
1981 07/08/94 59 920 7 920 30 10 0 
1981 07/08/94 60 5 20 5 0 
1981 07/08/94 61 1415 12 1415 10 20 0 
1981 07M/94 62 1850 0 1 &50 10 25 2 
1981 07/08/94 63 5 10 20 0 
1981 07/08/94 64 1320 2 1320 50 10 0 
1981 07/08/94 65 1415 2 1415 60 10 0 
1981 07/08/94 66 920 0 920 6D 5 0 
1981 07108/94 67 920 a 920 35 5 0 
1964 07/08194 1 1840 0 40 30 0 
19EA 07/08194 2 9 190 5 30 31 
1964 07108/94 3 5 190 10 10 13 
1964 07/M/94 4 16 150 20 10 57 
1964 07AD8/94 5 1505 27 165 40 15 2 
1964 07/08/94 6 1115 21 160 25 2 11 
1964 07/08/94 7 1115 32 130 60 5 2 
1964 07108/94 8 910 37 150 60 5 0 
1964 07/08/94 9 1115 32 130 25 5 0 
1964 07/08/94 10 1205 35 120 40 5 0 
1964 07/08/94 11 910 35 150 40 2 0 
1964 07/08/94 12 1115 30 110 25 5 1 
1964 07/08/94 13 1405 30 120 25 15 1 
1964 07/08194 14 1115 31 120 25 5 2 
1964 07/08/94 15 1315 33 120 20 15 4 
1964 07/08194 16 910 39 90 65 20 6 
1964 07AD8194 17 1015 22 120 25 20 15 
1964 07/08/94 18 16 100 5 30 29 
1964 07A)8/94 19 18 130 5 15 66 
1964 07/08/94 20 910 26 120 0 2 0 
1964 07/08/94 21 1840 23 130 30 30 2 
1964 07108/94 22 1405 17 85 25 25 4 
1964 07/08/94 23 16 90 0 50 26 
1964 07/08/94 24 7 150 0 0 17 
1964 07/08/94 25 4 350 10 20 68 
1964 07A)8194 26 7 325 40 20 1 
196.4 07/08/94 27 11 310 70 20 0 
19654 07/08/94 28 12 170 10 10 9 
1964 07/08/94 29 1840 5 26D 5 2 0 
1964 ý07/08/94 30 6 170 
5 2 72 
1964 07/08/94 31 9 290 5 5 40 
1964 07/08/94 32 1505 9 290 60 15 1 
1964 07/08/94 33 14 230 15 5 7 
1964 07/08/94 34 5 240 30 5 2 
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/0.1 m 1964 07/08/94 35 910 19 240 20 30 2 
1964 07/08/94 36 1840 17 250 30 5 1 
1964 07MB/94 37 16 255 40 5 21 
1964 07/OB/94 38 23 275 60 15 4 
1964 07/08/94 39 24 240 70 20 6 
1964 07/08194 40 6 305 60 20 16 
1964 07/08194 41 14 330 70 15 2 
1964 07/08/94 42 8 320 60 15 0 
1964 07/08/94 43 1840 9 300 90 0 1 
1964 07/08194 44 12 40 40 is 10 
1964 07/08/94 45 1840 2 300 6D 10 0 
1964 07/08194 46 14 260 70 5 0 
1964 07/08/94 47 8 300 40 5 1 
1964 07/08194 48 10 220 60 5 0 
1964 07/08)94 49 5 250 10 10 55 
1964 07A)BI94 50 11 10 10 10 18 
1964 07/08194 51 1840 5 29D 40 10 1 
1964 07/06/94 52 10 320 40 20 6 
1964 07/08/94 53 16 60 50 5 4 
1964 07/08/94 54 9 120 30 2 70 
1964 07M/94 55 7 340 30 10 17 
1964 07/08/94 56 2 40 70 5 1 
1964 07/M/94 57 15 260 60 15 0 
1964 07)08/94 58 1115 10 250 5D 0 1 
1964 07/08/94 59 1115 6 260 50 2 1 
1964 07M/94 60 910 4 260 10 5 3 
1964 07/08/94 61 910 15 290 50 15 0 
1964 07M/94 62 910 4 320 60 10 0 
1964 07)OB)94 63 910 2 190 20 20 0 
1964 07/08/94 64 910 7 120 40 10 0 
1964 07/08/94 65 910 2 10 50 20 0 
1964 07/08)94 66 1315 6 140 is 10 11 
1964 07)08)94 67 1115 0 30 20 0 
1964 07/CS/94 68 1840 6 230 5 15 36 
1964 07/08)94 69 910 11 270 30 10 0 
1964 07/08/94 M 1840 14 29D 10 5 25 
1964 07/08/94 71 910 14 190 is 2 0 
1964 07/08/94 72 1840 13 320 30 0 18 
1964 07/08/94 73 1505 16 330 60 10 7 
1964 07/08/94 74 11 280 60 15 6 
1964 07/08/94 75 1015 7 280 70 20 0 
Mobile 21/08/94 1 955 17 210 0 0 0 
Mobile 21108/94 2 955 20 230 0 0 0 
Mobile 21/08/94 3 955 16 210 0 0 0 
Mobile 21/08/94 4 1055 16 220 0 0 0 
Mobile 21/08/94 5 955 6 220 0 0 0 
Mobile 21/08/94 6 1155 2 340 0 0 0 
Mobile 21/08/94 7 1155 8 260 0 0 0 
Mobile 21/08/94 8 955 0 0 0 0 
Mobile 21/08194 9 955 5 180 0 0 1 
Mobile 21/08)94 10 955 1 80 0 0 0 
Mobile 21/08/94 11 955 2 100 0 0 0 
Mobile 21/08/94 12 1155 5 80 0 0 0 
Mobile 21/08/94 13 1055 9 80 0 0 0 
Mobile 21/08/94 14 955 17 60 0 0 0 
Mobile 21/08/94 15 1055 13 70 0 0 0 
Mobile 21/08194 16 955 8 70 0 0 0 
Mobile 21/08/94 17 955 3 100 0 0 
0 
Mobile 21/08/94 18 955 2 240 0 0 
0 
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/0.1 m Mobile 21/08/94 19 955 1 160 0 0 0 
Mobile 21/08/94 20 955 5 190 0 0 0 
Mobile 21/08/94 21 955 4 190 0 0 0 
Mobile 21108/94 22 955 9 200 0 0 0 
Mobile 21/08/94 23 955 14 220 0 0 0 
Mobile 21/08/94 24 955 11 220 0 0 1 
Mobile 21/08/94 25 955 15 260 0 0 0 
Mobile 21/08/94 26 955 21 240 0 0 0 
Mobile 21/08/94 27 955 10 240 0 0 0 
Mobile 21)CB/94 28 955 10 260 0 0 0 
Mobile 21/08/94 29 955 10 240 0 0 1 
Mobile 21/08/94 30 955 5 280 0 0 0 
Mobile 21/08/94 31 955 3 320 0 0 0 
Mobile 21/08/94 32 955 4 340 0 0 0 
Mobile 21/08f94 33 955 1 320 0 0 0 
Mobile 21/08/94 34 955 6 36D 0 0 0 
Mobile 21 AM/94 35 %5 8 350 0 0 0 
Mobile 21/08/94 36 1155 7 10 0 0 0 
Mobile 21 /08G4 37 955 8 10 0 0 0 
Mobile 21/08/94 38 955 12 40 0 0 0 
'Mobile 21 ADB/94 39 '955 13 40 0 0 0 
Mobile 21/08/94 40 955 11 40 0 0 0 
Mobile 21/08/94 41 955 8 20 0 0 0 
Mobile 21/08/94 42 955 7 10 0 0 0 
Mobile 21/08/94 43 955 6 350 0 0 0 
Mobile 21)08/94 44 955 6 360 0 0 0 
Mobile 21/08/94 45 955 5 340 0 0 0 
Mobile 21/08194 46 1155 4 340 0 0 0 
Mobile 21/08/94 47 955 4 320 0 0 0 
Mobile 21/08/94 48 955 5 300 0 0 0 
Mobile 21/08/94 49 955 6 290 0 0 0 
Mobile 21/08/94 50 1055 8 285 0 0 0 
Surface Date Point Time dry Slope Aspect 









1981 21/08194 1 710 18 50 0 0 0 5 
1981 21/08/94 2 710 11 320 0 0 0 5 
1981 21/08/94 3 710 19 360 40 0 0 3 
1981 21/08/94 4 710 17 320 5 0 0 5 
1981 21/08)94 5 710 14 230 25 0 0 18 
1981 21/08/94 6 710 5 340 40 2 0 18 
1981 21/08/94 7 710 8 20 50 2 0 4 
1981 21/08/94 8 710 11 360 60 5 0 16 
1981 21/08/94 9 710 14 260 70 5 0 3 
1981 21/08/94 10 810 12 320 25 10 1 17 
1981 21/08/94 11 810 10 360 20 5 1 11 
1981 21/08/94 12 810 15 320 50 5 0 5 
1981 21/08/94 13 810 24 320 40 5 0 7 
1981 21/08/94 14 710 23 330 60 10 0 7 
1981 21/08/94 15 710 16 30 40 0 0 5 
1981 21/08/94 16 710 7 320 70 5 0 5 
1981 21/08/94 17 710 13 350 60 10 0 12 
1981 21/08/94 is 710 12 290 60 10 0 25 
1981 21/08/94 19 910 6 320 60 5 0 19 
1981 21/08/94 20 910 7 230 25 5 0 12 
1981 21/08/94 21 710 2 230 40 5 0 17 
1981 21/08/94 22 710 2 360 50 2 0 19 
1981 21/08/94 23 710 13 320 60 0 0 5 
1981 21/08/94 24 710 12 360 30 2 0 9 
1981 21/08/94 25 810 0 25 5 0 
7 
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1981 21/08/94 26 1010 10 10 50 10 0 15 
1961 21/08,94 27 1010 14 350 90 5 0 21 
1981 21/08194 28 710 14 30 25 2 0 10 
1981 21/08/94 29 710 7 320 30 10 0 50 
1981 21/08/94 30 710 2 40 30 2 0 5 
1981 21/08/94 31 710 17 310 60 0 0 14 
1981 21/08/94 32 710 12 180 10 0 0 23 
1981 21/08/94 33 710 5 160 20 5 0 20 
1981 21108/94 34 1115 0 0 0 0 46 
1981 21/08/94 35 8 340 0 20 1 49 
1981 21108/94 36 1010 9 280 0 0 0 75 
1981 21108/94 37 710 18 10 70 2 0 15 
1981 21/08/94 38 710 5 220 40 0 0 5 
1981 21/08/94 39 910 0 0 0 2 56 
1981 21/08/94 40 710 6 220 0 0 1 75 
1981 21/08/94 41 710 22 330 50 0 0 19 
1981 21/08/94 42 710 17 360 50 0 0 5 
1981 21/08/94 43 710 2 360 50 1 0 32 
1981 21 /08/94 44 1010 2 330 15 0 0 5 
1981 21/08/94 45 710 4 140 25 5 0 6 
1981 21/08/94 46 710 11 180 10 0 0 14 
1981 21/08/94 47 710 6 280 15 0 0 20 
1981 21/08/94 48 710 6 250 5 2 0 35 
1981 21/08/94 49 710 8 140 50 0 0 42 
1981 21/08/94 50 710 16 220 15 0 0 5 
1981 21/08/94 51 710 9 220 10 0 0 6 
1981 21/08/94 52 710 0 0 0 1 44 
1981 21/08/94 53 710 6 200 10 0 0 5 
1981 21)08/94 54 710 9 170 5 0 0 10 
1981 21/08/94 55 710 4 260 0 0 0 10 
1981 21/08194 56 810 18 140 0 0 1 105 
1981 21/08/94 57 910 14 140 20 0 0 26 
1981 21/08/94 58 710 17 180 20 0 0 12 
1981 21/08/94 59 710 20 190 5 0 0 27 
1981 21/08/94 60 710 27 180 0 0 0 0 
1981 21/08/94 61 710 7 220 0 0 0 0 
1981 21/08/94 62 710 16 180 0 0 0 50 
1981 21 M/94 63 710 22 160 0 0 1 40 
1981 21/08/94 64 710 30 140 15 0 0 8 
1981 21/08/94 65 710 25 140 5 0 0 11 
1981 21108/94 66 710 26 180 0 0 0 5 
1981 21/08/94 67 710 33 160 20 0 0 8 
1981 21/08/94 68 710 36 180 20 0 1 5 
1981 21/08/94 69 710 30 180 40 0 0 10 
1981 21/08/94 70 710 30 180 15 0 0 13 
1981 21/08/94 71 710 33 140 10 0 0 25 
1981 21/08/94 72 710 29 150 5 0 0 5 
1981 21/08/94 73 710 37 160 20 0 0 16 
1981 21 M/94 74 710 17 180 20 0 0 11 
1981 21/08194 75 710 26 140 15 0 0 15 
1964 21/08/94 1 1050 2 45 5 5 17 2.5 
1964 21 /CS/94 2 835 11 10 40 2 7 4.5 
1964 21 AD8/94 3 735 10 310 5 2 1 2.4 
1964 21/08/94 4 1250 10 310 15 15 
8 1.6 
1964 21/08/94 5 1150 8 10 5 10 
13 5.9 
1964 21/08/94 6 1250 9 20 60 25 
14 4.8 
1964 21 IW)94 7 1150 21 360 40 30 
5 4.8 
1964 21/08/94 8 13 330 40 
30 11 2.7 
1 9CA 21/08/94 9 1150 9 320 70 
15 13 2.8 
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1964 21/08/94 10 935 11 36D 0 10 0 7.5 
1964 21/08/94 11 1350 18 320 70 25 0 2.7 
1964 21/08/94 12 1350 11 310 60 30 4 3 
1964 21/08/94 13 1350 9 320 5 15 3 4.2 
1964 21/08194 14 935 10 360 50 0 16 2.7 
1964 21/08/94 15 935 4 360 60 20 8 4.2 
1964 21)08/94 16 1350 7 360 40 50 5 4.2 
1964 21/08/94 17 935 11 140 10 5 12 8.2 
1964 21/08/94 18 1050 16 290 90 5 3 5.9 
1964 21/08/94 19 1350 11 320 70 25 6 4.7 
1964 21/08/94 20 2 320 30 50 20 5.8 
1964 21/08/94 21 5 50 10 25 14 11.4 
1964 21/08/94 22 1350 3 320 40 40 23 5 
1964 21/08/94 23 1250 7 180 10 30 2 2.7 
1964 21/08194 24 5 280 0 40 102 8.5 
1964 21/08/94 25 1530 2 220 0 10 4 7.4 
1964 21/08/94 26 1450 12 330 0 15 0 9 
1964 21/08/94 27 1450 0 20 40 3 6.9 
1964 21 MB/94 28 1350 0 30 30 0 4.9 
1964 21/08/94 29 1450 5 250 40 25 2 5.4 
1964 21108/94 30 1350 4 320 5 5 12 10.9 
1964 21/08/94 31 1250 8 310 0 0 6 13.3 
1964 21/08/94 32 14 310 20 30 5 10.2 
1964 21/08/94 33 1530 7 220 60 10 4 5 
1964 21/08/94 34 1050 11 300 100 0 3 4.4 
1964 21/08/94 35 1350 19 270 5 5 8 10 
1964 21/08/94 36 1450 8 310 60 10 7 4.5 
1964 21/08/94 37 735 11 260 50 0 0 2.1 
1964 21/08/94 38 735 10 220 6D 0 3 4.9 
1964 21/08/94 39 735 7 250 50 10 2 4.5 
1964 21/08/94 40 1150 15 270 40 10 11 6.8 
1964 21/08/94 41 1250 12 360 40 15 21 4.4 
1964 21/08/94 42 1350 7 220 35 20 8 6.4 
1964 21/08/94 43 735 0 20 10 3 4.5 
1964 21/08/94 44 1050 4 320 50 0 3 2.8 
1964 21/08/94 45 835 5 310 40 10 24 2.4 
1964 21/08/94 46 735 2 160 5 0 51 2 
1964 21/08/94 47 1350 2 220 10 10 0 4.8 
1964 21/08/94 48 1050 4 80 10 30 11 7.2 
1964 21/08/94 49 1150 6 220 25 10 3 14.6 
1964 21/08/94 50 1450 6 50 60 10 10 8.4 
1964 21/08/94 51 1530 2 40 0 5 24 15.5 
1964 21/08/94 52 935 25 160 0 0 25 
17 
1964 21/08/94 53 835 27 140 60 30 4 
2.5 
1964 21/08/94 54 735 30 140 25 0 17 
4.2 
1964 21/08/94 55 935 32 140 15 5 
5 4 
1964 21/08/94 56 835 25 140 40 5 
0 1.6 
1964 21/08/94 57 735 26 140 15 0 
18 3.2 
1964 21/08/94 58 735 35 140 80 10 
0 2.2 
1964 21 /08/94 59 735 34 140 25 
0 0 0.4 
1964 21108/94 60 735 27 140 6D 
0 0 0.4 
1964 21/08/94 61 935 26 140 10 
0 0 0.4 
1 1 
1964 21/08/94 62 935 27 140 30 
0 0 
1 
. 0 4 
1964 21 /08/94 63 735 26 170 10 
0 
0 0 
. 2 6 
1964 21 /08/94 64 735 0 
30 
10 0 0 
. 0.4 
1964 21/08/94 65 735 5 140 0 0 2 5 








Mass and moisture content of microlysimeters from three dune surfaces at Shapotou (1964 stabilized surfaces). 
Date Time Scalped 1 
Micro-lysimeter mass (g) 
Scalped 2 Scalped 3 Crusted 1 Crusted 2 Crusted 3 Sand I Sand 2 Sand 3 
25 August 1994 10: 00 393.59 393.81 385.59 374.34 383.95 369-66 363.76 364.82 379.05 
11: 00 391.35 391.65 383.45 371.88 381.35 366.94 362.53 363.39 377.04 
12: 00 388.79 388.88 380.70 369.14 378.45 364.01 361.68 362.44 374.98 
13: 00 385.58 385.65 377.29 365-76 375.10 360.46 360.91 361.54 373.24 
14: 00 381.98 382.17 373.73 362.17 371.40 356.84 360.37 360.82 372.06 
15: 00 380.61 380.73 372.48 360.77 369.97 355.42 360.12 360.54 371.62 
16: 00 379.34 379.32 370.98 359.51 368.61 354.08 359.93 360.28 371.22 
17: 00 378.97 378.98 370.61 359.25 368.26 353.75 359.83 360.16 371.05 
19: 00 378.47 378.49 370.12 358.74 367.75 353.30 359.68 359.98 370.78 
21: 00 378.09 378.13 369.74 358.38 367.37 352.93 359.56 359.83 370.59 
26 August 1994 376.01 376.11 367.71 356.38 365.32 350.98 358.92 359.02 369.49 
374.98 375.10 366.74 355.25 364.29 350.08 358.77 358.80 369.21 
372.63 372.57 364.37 352.86 361.9 348.67 358.58 358.45 368.75 
369.64 369.30 361.08 349.68 359.32 347.56 358.10 358.00 368.18 
366.83 366.49 357.10 346-76 357.34 346.68 357.69 357.54 367.64 
365-18 364.81 353.92 345.01 356.00 346.08 357.27 357.14 367.20 
363.82 363.57 351.84 343,53 354.86 345.46 356.88 356.72 366-70 
362.78 362.71 350.52 342.38 353.98 344.89 356.50 356.34 366.25 
361.98 361.95 349.48 341.52 353.29 344.42 356.19 356.03 365.87 
361.43 361.49 348.84 -340.90 352.81 344.01 355.94 355.79 365.57 
361.18 361.26 348.52 340.63 352.56 343.86 355.83 355.68 365-45 













Micro-lysimeter moisture content 
Date Time I Scalped 1 Scalped 2 






















3 Crusted 1 Crusted 2 Crusted 3 Sand 1 Sand 2 Sand 3 
11.33 10.78 13.40 12.94 10.75 11.52 3.60 3.46 5.45 
10.70 10.17 12.77 12.20 10.00 10.70 3.25 3.11 4.89 
9.97 9.40 11.96 11.37 9.16 9.82 3.01 2.86 4.32 
9.07 8.49 10.96 10.35 8.19 8.75 2.79 2.64 3.83 
8.05 7.51 9.91 9.27 7.13 7.65 2.64 2.49 3.51 
7.66 7.10 9.54 8.85 6.71 7.23 2.57 2.42 3.38 
7.30 6.71 9.10 8.47 6.32 6.82 2.51 2.37 3.27 
7.20 6.61 8.99 8.39 6.22 6.72 2.48 2.34 3.22 
7.05 6.47 8.85 8.23 6.07 6.59 2.44 2.30 3.15 
6.95 6.37 8.74 8.12 5.96 6.47 2.41 2.26 3.10 
6.36 5.80 8.14 7.52 5.37 5.89 2.22 2.08 2.79 
6.07 5.52 7.86 7.18 5.08 5.61 2.18 2.04 2.71 
5.40 4.81 7.16 6.46 4.39 5.19 2.13 1.98 2.58 
4.56 3.89 6.19 5.50 3.64 4.85 1.99 1.85 2.43 
3.76 3.10 5.02 4.62 3.07 4.59 1.87 1.73 2.28 
3.30 2.62 4.08 4.09 2.69 4.41 1.75 1.61 2.15 
2.91 2.28 3.47 3.64 2.36 4.22 1.64 1.50 2.01 
2.62 2.03 3.09 3.30 2.10 4.05 1.54 1.39 1.89 
2.39 1.82 2.78 3.04 1.90 3.91 1.45 1.30 1.78 
2.23 1.69 2.59 2.85 1.77 3.78 1.38 1.23 1.70 
2.16 1.63 2.50 2.77 1.69 3.74 1.34 1.20 1.67 
2.12 1.60 2.44 2.72 1.66 3.70 1.33 1.19 1.64 
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Appendix 9 
Time required (seconds) for the infiltration of 500 mIs through a 72 mm diameter ring 
infiltrometer on various pre-wetted dune surfaces (1964 stabilized dunes). 
1 2 3 4 5 6 Mean S. E 
Bryophyte crust 1534 1155 911 424 1068 577 944.8 164.7 
Cyanobacterial crust 730 744 883 1029 1251 895 922.0 76.7 
Bryophyte crust (scalped) 1154 586 1240 941 289 700 818.3 147.6 
Cyanobacterial crust (scalped) 312 433 509 549 420 711 489.0 136.0 
Cyanobacterial (cracked) 751 127 365 309 233 263 341.3 88.2 
Grey crust (no visible microphytes) 399 297 378 481 143 177 312.5 54.0 
Sand 73 65 58 62 66 60 64.0 2.2 
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Appendix 10 
P enetrometer esistance (kg cm-2 ) of various crusted dune surfaces at Shapotou (1964 stabilized dunes) (n = 50). 
100% Bryoýphyte crust Mixed bryophyte / Cyanobacterial crust 'Grey crust' cyanobacterial crust 
2.1 1.4 0.8 0 3 1.5 1.6 0.9 . 0 5 1.8 2.6 0.4 . 0 2 1.9 1.6 0.5 . 1 0 1.4 1.2 0.9 . 0.5 1.2 2.1 1.2 0.7 1.3 1.0 1.1 0.7 1.7 2.0 1.0 1.0 1.5 1.0 0.4 0.4 
1.9 1.2 0.4 0.2 
1.4 2.6 0.6 0.8 
1.5 0.8 0.9 0.6 
2.1 1.2 0.5 0.6 
1.5 1.3 0.6 0.7 
1.7 1.2 0.3 0.9 
2. o 1.4 1.6 0.7 
2.0 2.0 0.6 0.5 
1.7 1.7 0.2 0.5 
1.3 1.7 0.6 0.6 
1.4 1.9 0.6 0.8 
1.2 1.4 1.0 0.3 
1.0 2.0 1.0 0.5 
1.3 1.7 0.6 0.6 
1.5 1.2 0.5 0.4 
1.2 2.6 0.6 0.2 
1.2 1.1 0.3 1.0 
2.0 1.4 0.4 0.7 
1.0 2.0 0.6 0.4 
1.0 1.2 0.4 0.3 
1.5 1.3 0.6 0.2 
1.5 1.6 0.6 0.5 
1.4 1.1 1.2 0.7 
0.6 1.3 1.4 0.5 
1.4 2.1 1.2 0,7 
1.0 2.1 0.6 0.5 
1.2 1.6 0.8 l'O 
1.5 1.8 0.4 0.3 
1.7 1.4 1.2 0.6 
1.4 1.8 0.8 0.5 
1.8 1.8 0.6 0.8 
2.6 1.0 1.2 0.4 
1.6 0.9 0.4 0.4 
1.5 1.5 0.7 0.4 
1.5 1A 0.4 0.5 
1.5 1.2 0.3 0.8 
2.0 0.9 0.3 0.4 
2.2 1.6 0.2 0.8 
1.6 0.8 0.5 0.5 
0.9 1.5 0.4 0.4 
1.2 1.4 0.4 0.4 
mean 1.518 mean 1.524 mean 0.674 mean 0.558 
s. e 0.053 s. e 0.063 s, e 0.047 s. e 0.031 
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Appendix 11 
Loss on ignition (LOI) and particle size distribution (PSD) of cyanobacterial and bryophyte 
dominated crusts at Shapotou. 
Crust type Sample LOI % Mean <2pm <56pm 
PSID pm 
Cyanobacterial crust 1 2.76 66.30 3.7 44.3 
2 1.97 107.25 2.4 31.8 
3 2.00 100.95 2.6 33.6 
4 2.00 130.99 2.7 30.3 
5 1.50 151.34 2.0 23.8 
6 2.36 97.40 2.6 34.5 
7 2.11 104.73 2.5 32.1 
8 2.37 88.60 2.7 35.9 
9 1.76 114.45 2.5 29.4 
Mean 2.09 106.89 2.63 32.86 
S. E 0.12 8.10 0.15 1.85 
Bryophyte crust 1 2.90 56.95 3.9 49.4 
2 3.04 63.45 3.0 44.5 
3 4.11 57.89 3.7 48.7 
4 4.40 57.30 3.5 49.0 
5 2.95 62.60 3.0 45.2 
6 2.83 59.68 3.7 47.7 
7 4.29 47.44 4.8 57.1 
8 3.69 59.63 3.3 47.4 
9 3.50 60.93 3.3 46.1 
10 2.61 64.28 3.8 45.4 
Mean 3.43 59.02 3.6 48.05 
S. E 0.20 1.52 0.16 1.08 
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Appendix 12 
Survey of vegetation composition and site parameters on protected dune 
surfaces at Yanchi. 
123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
Slope 2 4 7 10 18 20 20 25 5 0 11 0 0 20 18 20 8 10 3 5 0 15 11 8 12 
Aspect 0 0 0 345 330 330 325 345 5 --- 220 --- -- 160 170 165 150 165 200 260 -- 330 360 5 35 Artemesia sp. 33 40 1 70 1 5 4 2 5 70 10 2 
Bassia dasyphylia 2 1 1 1 1 1 1 2 1 4 3 5 4 2 5 
Chenopodium sp. 12 1 1 1 5 1 1 2 2 2 5 2 10 4 3 2 1 1 11 
Salsola sp. I 1 1 2 1 3 2 1 1 
Nitraria tangitorum 10 5 25 25 30 60 10 




Litter 10 5 15 5 40 5 5 5 10 10 15 15 50 5 15 10 25 10 15 20 20 20 10 5 2 
Sand 28 10 5 20 
Grey crust 80 40 15 20 15 40 40 3 60 60 55 60 30 80 80 60 65 70 70 65 40 10 5 30 25 
Bryophyte crust 5 25 70 75 25 30 90 30 30 25 15 5 3 5 5 3 10 10 10 30 70 80 55 55 
Cyanobacte6al crust 2 1 30 5 5 5 5 5 5 5 20 5 15 8 5 5 5 35 10 20 
26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 4646 47 48 49 50 
Slope 5 16 13 5 3 5 11 9 20 11 7 4 0 5 14 4 5 11 20 10 42 16 17 8 12 
Aspect 55 185 215 205 220 10 345 335 40 360 355 350 --- 275 230 245 135 160 180 185 35 30 10 340 350 
Artemesia sp. 1 13 1 4 60 20 1 2 2 3 2 5 1 10 
Bassia dasyphylia 1 1 1 1 1 
Chenopodium sp. 11 1 5 1 1 10 3 4 3 1 1 1 1 2 1 11 3 1 3 4 1 
Salsola sp. 1 4 2 12 3 4 3 1 2 3 5 10 1 1 1 
N&aria tangitorum 
Eragrostis sp. 1 2 5 1 1 1 3 1 1 3 1 
Caragana korshinskii 10 
Agriophyflum squarrosum 1 
Corispermum sp. 1 
Litter 1 5 2 10 25 25 15 25 5 4 5 5 5 15 5 15 12 20 5 5 2 10 10 
Sand 10 5 45 10 40 
Grey crust 20 50 60 70 30 20 20 30 20 40 20 70 90 80 60 65 55 55 65 60 40 40 10 10 10 
Bryophyte, crust 28 34 10 40 40 50 50 45 25 52 12 1 5 15 20 23 25 5 5 45 45 37 60 40 
Cyanobacterial crust 55 45 33 10 5 5 10 30 30 15 5 10 10 10 15 20 30 5 10 7 10 10 
51 52 53 54 55 56 57 58 59 60 61 62 63 
Slope 13 42 16 17 8 12 13 25 22 10 5 10 5 
Aspect 355 35 30 10 340 350 355 350 10 0 5 250 270 
Artemesia sp. 1 1 10 1 1 60 50 5 2 
Bassia dasyphylia 1 
Chenopodium sp, 1 3 4 1 3 1 1 
Salsola sp. 1 1 1 
N&aria tangitorum 
Eragrostis 3 1 1 3 1 1 
Caragana korshinskii 
Agriophyflum squafrosum 
Corispermum sp. 1 
Litter 15 5 5 2 10 10 15 5 15 15 
Sand 25 5 45 10 40 25 5 
Grey crust 20 40 40 10 10 10 20 10 5 35 50 
45 40 
Bryophyte crust 35 45 45 37 60 40 35 85 60 25 5 
10 7 
Cyanobacterial crust 7 10 7 10 10 7 15 45 45 45 35 
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Appendix 12 continued. (Quadrats taken from protected nebka at Yanchi). 
123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
Slope 0 19 21 14 30 32 20 22 22 21 26 45 18 19 27 42 27 23 27 25 28 12 15 11 12 
Aspect --- 340 70 310 305 35 95 70 80 300 335 65 255 135 85 115 205 190 200 250 170 225 135 90 100 
Artemesia sp. 15 5 5 1 5 20 2 4 4 10 1 
Bassia dasyphylla 1 1 1 1 1 1 3 2 2 3 1 1 1 5 5 5 5 5 1 1 
Chenopodium sp. 1 1 1 2 1 1 1 1 1 1 5 3 2 11 
Salsola sp. 2 1 1 
Niýýa tangitorum 3 3 10 5 2 3 10 1 15 10 20 35 10 1 20 10 
Eragrostis sp. 1 1 1 1 2 1 1 1 1 
Cynachium theseoides 1 2 
Ixeris chinensis 1 
Elymus secylynis 2 
Thermopsis sp. 5 10 
Litter 30 20 10 40 30 5 10 3 50 15 5 5 15 10 10 10 10 5 15 40 15 25 25 40 
Sand 50 20 2 5 5 5 10 20 15 60 2 
Grey crust 15 25 45 45 30 35 85 99 40 50 60 80 75 60 50 70 40 85 88 65 50 85 70 75 60 
Bryophyte crust 5 20 20 10 30 37 1 1 5 18 7 10 5 5 5 1 1 1 5 11 1 1 
Cyanobacterial crust 12 22 4 10 20 5 1 5 10 23 6 15 15 20 5 5 7 15 10 13 2 2 
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Appendix 13 
Shrub condition and height (cm) recorded in 10 M2 quadrats across a dune stabilization 
chronosequence a Shapotou. (A = no living branches, B=< 33% living branches, C= 33 - 66% living branches, D= >66% living branches, E= all branches living). 
Mobile dune quadrats 
Quadrat I Quadrat 2 Quadrat 3 Quadrat 4 Quadrat 5 
A B C D E A B C D E A B C D E A B C D E A B C D E 










1981 stabilized dunes 
Quadrat I Quadrat 2 Quadrat 3 Quadrat 4 Quadrat 5 
ABCDEABCDE 
2 15 20 45 15 10 15 50 30 55 
15 25 30 60 30 15 40 50 40 
25 30 30 60 30 20 50 50 50 
30 35 30 60 50 20 50 50 55 
30 46 30 75 30 50 50 60 
30 50 35 80 30 50 50 60 
30 50 35 90 40 70 60 70 
30 60 35 110 40 80 60 80 
30 60 40 115 50 80 70 
30 100 40 50 80 70 
40 40 50 100 70 
40 40 60 70 
40 40 60 80 
40 40 60 80 
40 40 60 90 
45 45 70 
50 45 80 

























A B C D E 
15 40 30 20 20 
20 50 30 30 20 
30 55 35 30 30 
30 70 35 30 40 
30 40 40 60 
30 40 50 66 
30 40 50 70 
30 40 50 
30 45 50 
30 45 50 
40 50 55 
40 50 60 
40 50 60 
40 50 60 
40 55 150 


























A B C DE 
30 30 30 40 20 
40 50 60 50 40 
40 50 60 50 50 
40 60 60 50 50 
50 80 70 60 60 
50 70 60 70 
50 70 60 160 
50 80 70 200 
























A B C D E 
25 30 20 30 15 
30 40 30 35 20 
30 40 30 35 25 
30 45 30 40 30 
30 45 30 50 30 
30 45 40 50 40 
30 50 40 50 45 
30 60 40 50 50 
30 60 40 50 50 
40 66 40 60 60 
40 80 45 90 






















Appendix 13 continued 
1964 stabilized unes 
Quadrat I Quadrat 2 Quadrat 3 Quadrat 4 
A8 CDE AB C DE AB CDE AB CDE 
5 110 40 36 5 40 40 40 55 5 50 30 40 _ 5 50 55 40 65 
7 65 70 8 45 40 50 57 5 50 10 80 55 60 
10 70 100 15 65 40 55 5 80 15 60 60 
10 80 165 20 80 60 70 5 15 70 
10 80 20 65 5 15 
15 25 70 10 15 
15 25 90 10 20 
15 25 105 10 20 
15 25 10 20 
15 30 10 20 
20 30 10 20 
20 30 10 20 
20 30 10 20 
20 30 15 20 
22 30 15 25 
30 35 15 25 
30 35 15 25 
30 35 15 25 
30 35 15 25 
30 35 20 25 
30 40 20 30 
30 40 20 30 
35 40 20 35 
35 40 20 35 
35 40 20 35 
35 40 25 35 
36 40 25 40 
40 40 25 40 
40 40 25 40 
40 45 30 40 
40 45 30 40 
40 45 30 40 
40 45 30 40 
40 45 40 45 
40 46 40 45 
45 50 40 45 
50 50 40 45 
50 50 40 45 
50 50 40 50 
50 50 40 50 
50 50 40 50 
50 50 40 50 
50 50 50 50 
50 55 50 50 
50 55 50 50 
52 55 50 50 
55 55 50 50 
60 56 50 50 
60 60 50 55 
60 60 50 55 
60 60 50 Cond. A 60 
60 Cond A 60 50 continued 60 
63 oontinued 60 50 
60 60 
65 80 60 50 60 60 
68 80 60 50 60 70 
70 80 60 50 60 
70 
70 100 65 50 64 
70 Cond A 
70 100 ý65 50 
65 70 continued 
70 110 70 50 70 
80 90 
75 120 70 60 95 
90 140 
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Appendix 13 continued 
1964 stabilized dunes 
Quadrat 5 Quadrat 6 Quadrat 7 Quadrat 8 
ABCDE 
20 70 100 35 80 






































10 170 70 80 60 
10 140 160 




















A B C D E 
4 30 25 45 20 
5 35 60 60 25 
5 40 76 70 30 
10 50 90 30 
10 70 100 40 




































5 50 160 70 130 
5 70 100 70 
10 80 100 100 
10 80 130 180 



















Appendix 13 continued 
1956 stabilized dunes 
Quadrat 1 Quadrat 2 Quadrat 3 Quadrat 4 Quadrat 5 
A B C D E A B C D E 
6 18 25 10 20 8 34 20 50 30 
10 30 18 37 15 36 50 100 40 
15 30 35 40 20 45 60 64 
20 50 35 51 20 45 68 100 
20 60 40 25 80 103 
20 65 25 85 125 
20 70 25 

















































25 32 46 200 






B C D E A BCD E 
5 30 25 25 60 4 60 50 44 40 
5 30 40 40 70 10 55 50 50 
10 44 45 50 90 10 60 70 60 
10 50 50 50 90 10 60 
10 50 50 50 100 15 60 
10 55 50 55 15 64 
15 55 60 15 
15 60 60 15 
15 60 70 20 











































50 60 Cond. A 
50 60 continued 
50 60 60 
50 60 60 
50 60 60 
50 60 65 




Survey 3: Annual species cover, microphyfic crust cover and surface condition across a dune stabilization chronosequence at Shapotou 
Mobile dunes 
Quadrat 1 2 3 45 6 789 10 11 
Slope 3 4 0 75 0 8 19 33 33 12 
Aspect (deg E of N) 15 45 300310 315 310 310 315 225 
Grey crust 0 0 0 00 0 00000 
Litter 0 0 1 00 0 10000 
Straw 0 0 0 00 0 00000 
Sand 100 100 100 100 100 100 100 100 100 100 100 
Cyanobacterial crust 0 0 0 0 0 0 0 0 0 0 0 
Bryophyte crust 0 0 0 0 0 0 0 0 0 0 0 
Eragrosfis poaeoides 0 0 0 0 0 0 0 0 0 0 0 
Bassfa dasyphyffa 0 0 0 0 0 0 0 0 0 0 0 
Artemesia ordosica 0 0 0 0 0 0 0 0 0 0 0 
Codspermum sp. 0 1 1 1 1 0 0 0 0 0 0 
Salsola sp. 0 0 0 0 0 0 0 0 0 0 0 
Sfflopnolopis centfflora 0 0 0 0 0 0 0 0 0 0 0 
Pagonium dolabratum 0 0 0 0 0 0 0 1 0 0 0 
1981 stabifized dunes 
Quadrat 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Slope 0 15 15 0 0 10 0 30 10 10 0 36 17 3 30 0 17 
Aspect (deg E of N) 95 40 200 100 360 355 19090 170 185 250 
Grey crust 75 60 70 70 85 25 65 75 80 45 78 60 0 05 40 70 
Litter 0 0 0 0 0 0 0 0 0 0 0 0 0 00 0 0 
Straw 10 25 25 30 20 20 30 20 2 2 2 3 0 0 30 40 0 
Sand 0 15 5 0 5 55 5 5 4 37 0 15 100 100 65 20 15 
Cyanobacterial crust 0 0 0 0 0 0 0 0 14 15 20 20 0 0 0 0 15 
Bryophyte crust 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
Eragrostfs poaeoides 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Bassia dasyphylla 1 0 1 0 1 1 1 1 0 1 1 1 1 2 0 2 0 
Artemesia ordosica 1 1 1 1 0 0 1 5 0 1 0 0 0 0 1 0 1 
Colispermum Sp. i o I I i i i 1 0 1 0 0 1 1 0 1 0 
Salsola sp. 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 
Sti7opnolopis centiffora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pugionium dafabratum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1981 stabilized dunes (continued) 
Quadrat 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Slope 0 5 0 23 0 27 8 13 14 0 0 70 7 11 0 12 10 
Aspect (deg E of N) 270 135 195 195 160 85 260 245 250 100 20 
Grey crust 50 30 65 30 90 85 75 90 90 70 60 50 60 50 40 0 80 
Litter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Straw 40 25 25 30 0 0 0 0 0 25 0 20 25 30 35 5 5 
Sand 5 40 10 40 0 3 5 2 2 5 10 25 10 20 20 90 10 
Cyanobacterial crust 4 1 0 0 5 2 1 1 5 0 20 2 
2 1 5 0 10 


































2 5 1 1 2 1 1 1 4 1 1 1 2 3 0 
































0 1 0 1 0 1 2 0 1 1 1 1 0 Salsola sp. 
Sdlopnolopis centffiora 0 0 0 0 0 0 0 
0 0 0 0 1 2 2 3 0 0 
Pugionimm dolabratum 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
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Appendix 14 continued 
1981 stabilization (continued) 
Quadrat 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 
Slope 20 0 5 6 0 7 22 12 8 12 7 3 0 0 9 
Aspect (deg E of N) 110 195 220 345 50 100 345 260 165 220 90 
Grey crust 0 75 90 60 50 70 30 0 0 0 0 70 50 50 70 
Litter 5 0 5 0 0 0 0 0 0 0 0 0 0 0 0 
Straw 0 0 0 25 25 2 0 5 40 40 40 0 0 30 20 
Sand 95 15 10 15 20 20 70 90 60 60 60 20 50 20 10 
Cyanobacterial crust 0 5 1 0 0 10 0 0 0 0 0 5 2 0 0 
Bryophytes 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 
Eragrosffs poaeoides 0 0 0 0 0 0 0 0 0 0 0 3 2 3 0 
Bassia dasyphyfla 0 0 0 1 1 1 4 5 1 1 1 1 2 1 1 
Artemesia ordosica 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
Corispennum sp. 1 0 0 1 1 1 1 2 0 0 0 1 1 0 0 
Salsola sp. I 1 0 0 0 0 1 0 0 1 1 1 1 1 1 
Shlopnolopis centfflora 0 0 0 3 1 0 0 0 0 0 0 0 0 0 0 
Pugionium dolabratum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1964 stabilization 
Quadrat 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
Slope 0 0 28 13 5 8 7 0 11 3 37 23 0 0 0 17 0 
Aspect (deg E of N) 130 110225 145 60 85 95 175 180 20 
Grey crust 85 90 80 45 10 10 70 70 15 45 60 70 30 60 60 65 20 
Litter 0 2 0 10 1 5 0 0 0 0 0 0 0 0 0 0 0 
Straw 0 0 0 30 0 0 0 0 0 0 1 15 30 15 0 0 20 
Sand 0 0 10 2 88 60 5 2 80 10 35 15 5 20 20 10 55 
Cyanobacterial crust 15 0 0 0 2 2 3 5 2 5 1 1 0 3 15 20 2 
Bryophyte crust 4 3 0 0 0 0 0 5 0 0 0 0 0 0 5 4 1 
Eragrosfis poaeofdes 0 15 8 10 1 20 0 25 0 40 1 0 3D 0 3 0 3 
Bassia dasyphylla 1 0 0 2 0 1 1 1 2 1 0 4 1 1 3 1 1 
Artemesia ordosica 0 0 1 0 0 0 1 0 1 1 0 0 1 0 2 1 0 
Colispermum Sp. 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 1 1 
Salsola sp, 0 0 0 0 1 1 1 0 0 1 0 1 1 1 1 0 1 
Sfilopnotopis cenifflora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
dolabratum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1964 stabilization (continued) 
Quadrat 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Slope 0 10 0 15 0 5 11 0 0 24 13 17 0 7 0 0 25 
Aspect (deg E of N) 195 70 175 175 55 255 185 
245 140 
Grey crust 50 50 80 40 50 80 55 80 50 
45 50 65 70 55 65 25 75 
Litter 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 
2 
Straw 30 0 0 0 0 10 30 0 30 30 25 15 0 0 0 0 
0 
Sand 0 10 5 5 5 5 4 0 10 10 20 2 1 5 
5 10 5 




































5 3 0 3 20 15 25 5 5 10 






























Artemesia ordosica 0 
0 
0 
0 1 0 0 0 0 1 1 0 0 0 0 0 1 0 0 Cotispermum sp. 
1 0 0 0 0 1 1 0 1 1 1 0 0 1 1 0 0 Salsola sp. 























dofabratum 0 0 0 0 0 
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Appendix 14 continued 
1964 stabilization (continued) 
Quadrat 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 Slope 
Aspect (deg E of N) 
22 
135 








0 0 0 17 23 27 15 0 7 0 
95 145 140 150 210 
Grey crust 70 85 40 65 80 85 80 80 80 75 60 70 60 45 35 65 70 Litter 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 Straw 0 0 30 25 0 0 0 0 0 0 0 0 0 0 0 30 0 Sand 10 10 30 10 5 15 5 0 5 0 2 3 20 2 5 5 15 



































Bassia dasyphyla 1 1 1 1 1 3 1 1 1 1 3 1 4 10 4 1 
0 
1 Artemesia ordosica 0 0 1 2 0 2 0 0 0 0 0 0 0 0 0 0 2 Codspermum sp. 0 0 1 0 0 1 1 0 1 0 0 0 0 0 0 0 0 Salsola sp. 1 0 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 Sfflopnolopis cenffflora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Pugonium dolabratum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1964 stabilization (continued) 
Quadrat 52 53 54 55 56 57 53 59 60 61 62 63 64 65 66 67 68 
Slope 16 0 7 8 18 20 15 18 0 0 0 5 10 25 10 24 5" 
Aspect (deg E of N) 80 190 210 210 140 210 180 240 250 140 180 70 90 
Grey crust 30 50 85 80 60 20 70 80 70 75 85 85 70 50 55 60 75 
Litter 0 10 0 10 0 0 0 0 0 5 0 0 0 0 0 '0 0 Straw 0 40 0 0 0 40 0 0 0 0 0 0 0 0 0 0 0 
Sand 40 0 10 0 30 40 5 5 5 0 2 1 10 25 15 2 5 
Cyanobacterial crust 15 05 10 5055 10 5 10 10 15 20 20 20 5 
Bryophyte crust 3 0 0 3 0 0 5 3 5 1 3 1 4 5 5 5 5 
Eragrostfs poaeoides 10 0 0 2 0 0 10 2 10 10 5 5 5 15 5 15 5 
Bassia dasyphylia 3 4 3 2 4 4 5 1 2 5 1 2 0 3 2 2 5 
Artemesia ordosfca 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 
Codspermum sp. 0 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 
Salsola sp. I 1 0 1 2 2 0 1 0 0 0 3 1 0 3 0 
Sdopnofopis cenfiflora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pagionium dolabratum 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1964 stabilization (continued) 
Quadrat 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 
Slope 7 27 5 10 3 12 8 22 0 0 10 11 15 18 10 27 4 
Aspect (deg E of N) 310 170 330 230 250 204 340 70 240 230 140 16D 360 60 140 
Grey crust 60 50 50 85 70 70 50 45 60 45 65 70 70 5 0 0 0 
Litter 00 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Straw 25 30 0 0 25 25 40 0 40 0 2 0 0 0 0 0 0 
Sand 5 20 1 5 0 5 0 15 20 40 20 5 20 95 100 100 -96 
Cyanobacterial crust 2 0 20 3 3 0 0 0 0 3 15 2D 20 0 0 0 0 
Bryophyte crust 0 0 10 2 0 0 0 0 0 2 4 4 4 0 0 0 0 
Eragroshfs poaeoides 2 0 10 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
Bassia dasyphy#a 1 5 4 4 4 1 3 1 4 4 0 0 0 2 0 0 4 
Artemesia ordosica 0 0 0 0 2 0 2 3 0 0 1 1 1 0 0 0 0 
Colispermum Sp. 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 3 
Salsola Sp. 1 6 3 1 0 1 2 0 0 1 0 1 1 0 0 0 1 
Sfflopnolopis cenifflora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pugionium dolabratum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix 14 continued 
1964 stabilization(continued) 
Quadrat 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 
Slope 15 12 10 0 18 23 0 0 0 17 12 0 5 14 7 0 0 Aspect (deg E of N) 160 60 250 160 1 ý00 170 140 70 60 80 
Grey crust 50 70 65 45 70 60 50 58 40 40 55 50 50 55 60 36 60 Litter 0 0 0 0 0 0 0 10 0 0 0 0 0 0 5 0 0 Straw 0 0 0 20 0 0 0 20 25 40 0 0 0 0 0 0 0 
Sand 40 20 3 20 5 10 2 10 20 15 5 10 2 5 5 5 5 
Cyanobacterial crust 10 10 10 3 15 20 25 2 10 0 15 20 20 25 10 40 20 
Bryophyte crust 1 2 3 1 4 5 4 0 2 0 5 5 4 3 26 6 5 
Eragrosds poaeoides 0 0 15 0 5 1 20 0 0 0 20 10 25 10 0 10 10 
Bassia dasyphyfla 1 0 3 4 1 5 1 3 2 1 1 1 1 1 2 3 2 
Attemesia ordosica 0 1 1 0 2 0 0 0 0 0 0 3 0 0 0 0 0 
Cofispermum sp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Salso/a sp. 0 0 0 0 0 1 0 1 1 2 0 1 0 1 1 2 1 
Stffopnolopis centfflora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Pugionium dolabratum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1964 stabilization (continued) 
Quadrat 103 104 105 106 107 108 
Slope 30 15 15 18 58 
Aspect (deg E of N) 130 40 150 170 70240 
Grey crust 60 70 55 70 65 30 
Litter 0 00 0 00 
Straw 30 25 40 20 25 0 
Sand 10 55 10 25 
Cyanobacterial crust 0 1 0 2 0 3D 
Bryophyte crust 0 0 0 0 0 10 
Eragrosiffs poaeoides 0 5 0 0 10 25 
Bassia dasyphylla 1 1 1 1 0 0 
Artemesia otdosica 0 0 0 0 0 0 
Cofispermum sp. 0 0 0 0 0 0 
Salsola sp. I 1 10 0 0 0 
Sfflopnolopis cenifflora 0 0 0 0 0 0 
dolabratum 0 0 0 0 0 0 
1956 stabilization 
Quadrat 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Slope 10 13 0 10 0 13 0 27 8 15 0 6 25 8 11 0 
Aspect (deg E of N) 20 40 260 26D 90 215 255 300 70 130 80 
Grey crust 35 30 65 50 1 50 20 40 60 5 80 20 55 70 55 65 
Litter 5 0 1 0 0 0 2 0 0 2 5 10 0 0 0 0 
Straw 0 30 0 25 30 0 0 40 30 0 0 40 0 0 0 20 
Sand 5 5 0 10 70 0 5 10 2 90 10 0 2 10 3 0 
Cyano: bacterial crust 30 5 30 5 2 30 10 1 2 0 0 10 































































Artemesia ordosica 0 
0 
0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Codspeimum sp. 
Salsola sp. I 1 0 1 0 1 0 
0 0 1 5 0 1 2 1 0 


























dolabratum 0 0 0 
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Appendix 15 
Percent cover afforded by vegetation species in grazed and ungrazed quadrats at Yanchi 
Grazed Quadrats, 
Species 1 2 3 4 5 6 7 8 9 10 11 12 
Quadrats 
13 14 15 16 17 18 19 20 21 22 23 24 25 Mean 
Achnatherum splendens 1 1 2 1 2 1 1 0 36 Artemesia blepharopsis 5 . 0.2 Artemesia lavandulaosolia 2 5 3 2 3 2 2 5 2 1.04 
Artemesia ordosica 10 40 70 10 15 5 20 3 20 10 25 10 50 20 10 10 1 90 30 70 30 15 20 15 5 24.16 
Artemesia scoparia 1 1 1 2 0.2 
Bassia dasyphylla 1 2 1 1 1 1 1 1 0.36 
Chenopodium glaucum 2 4 2 2 1 2 2 1 2 2 5 1 1 2 1 5 2 5 1 3 5 3 5 5 2.56 
Caragana microphylla 0 
Conspermum sp. 1 2 1 1 4 2 2 1 3 1 2 0.8 
Cuscuta sp. 1 1 1 1 2 1 1 1 0.36 
Cynanchum sp. 1 2 1 2 1 1 2 1 2 2 2 2 0.76 
Eragrostis poaeoides 3 0.12 
Heteropappus altaeicus I I 1 1 2 2 2 1 3 1 1 1 2 2 5 1 1 1 1 1.2 
Ixeris chinensis 1 1 3 1 1 2 1 1 0.44 
Pennisetum flaccidum 1 1 4 1 1 1 1 1 1 2 1 1 1 3 1 1 2 2 2 2 1.2 
Periploca sepium 1 1 1 0.12 
Salsola sp, 2 1 1 1 5 1 1 1 1 4 0.72 
Scorzonera sp. 1 2 0.12 
Silene conoidea 1 1 2 1 4 1 0,4 
Sophora alopecuroides 2 5 4 4 2 4 5 3 1.16 
Echinops gmelini 1 0,04 
Euphorbia sp. 1 0.04 
Bryophytes 3 5 15 2 5 3 3 1 3 3 30 1 1 1 1 5 10 5 8 3 4 3 1 4ý64 
Cyanobacteria 2 1 1 2 5 1 5 1 3 2 1 2 5 1 1 1 5 4 3 2 8 2 1 2 2.44 
Nostoc sp. 3 1 0.16 
'Grey crust' 90 85 70 77 85 85 87 82 88 90 85 89 53 80 83 73 91 65 66 62 80 59 74 81 82 7&48 
Litter 5 5 10 5 3 5 5 2 5 2 5 5 10 4 5 5 2 15 15 20 5 10 10 10 5 692 
Sand 5 3 5 5 2 4 10 3 5 5 5 5 10 10 20 5 10 5 5 5 20 10 5 10 6,88 
Non-Grazed Quadrats 
Species 1 2 3 4 5 6 7 8 9 10 11 
Quadrats 
121314 15 16 17 18 19 20 21 22 23 24 25 Mean 
Achnatherum spiendens I 1 1 0.12 
Artemesia blepharopsis 0 
Artemesia lavandulaesolia 10 3 3 4 5 15 3 20 4 2.68 
Artemesia ordosica 70 40 25 25 20 10 15 40 25 60 25 40 40 5 5 30 10 5 20 5 5 60 10 25 60 27 
Artemesia scoparia 1 1 2 1 1 3 5 0.56 
Bassia dasyphylla 1 1 0,08 
Chenopodium glaucum 1 1 1 2 1 1 2 2 1 5 1 1 3 3 1 3 1 3 3 2 1.52 
Caragana microphylla 1 0,04 
Corispermum sp. I 1 1 012 
Cuscuta sp. 1 0.04 
Cynanchum sp. 1 0.04 
Eragrostis poaeoides 0 
Heteropappus abeicus 1 1 1 1 1 1 1 2 1 2 2 
1 0.6 
Ixeris chinensis 1 2 2 2 1 
2 1 2 0.52 
Pennisetum flaccidum 1 5 5 5 2 3 3 4 3 5 10 5 3 5 4 1 2 2 1 2 2 5 312 
Periploca sepium 1 
0.04 
Salsola sp. 1 2 1 1 
3 0.32 
Scorzonera sp. 
1 2 1 1 2 4 2 
0 
0.64 
Silene conoidea 1 2 
1 3 4 4 2 5 5 5 4 1.32 Sophora lopecuroides 0 
Echinops gmelini 0 
Euphorbia sp. 
4 1 5 2 10 2 5 10 15 20 3 2 5 3 5 10 1 4 4 1 1 10 2 2 10 5,48 Bryophytes 
2 1 2 1 4 1 3 2 5 2 5 2 4 4 1 1 1 1 5 2 4 2.12 Cyanobacteria 0 
Nostoc sp. 
' 84 90 81 76 67 88 84 79 74 59 ý65 
83 65 80 61 66 83 90 70 78 71 69 85 83 63 75.76 
Grey crust 
5 5 10 20 20 2 5 5 5 15 20 5 0 2 10 10 10 10 5 5 10 10 10 5 10 20 10.08 Litter 
5 3 2 2 2 3 5 3 4 1 10 10 5 5 20 10 5 5 20 10 15 15 
2 3 3 6.72 
Sand 
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